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A  Study  of  34-E  Dual-Drum  Pavers 


BY  THE  DIVISION  OF  PHYSICAL  RESEARCH 
BUREAU  OF  PUBLIC  ROADS 


Reported  >  by  DONALD   O.    WOOLF, 
Highway  Physical  Research  Engineer 


This  article  summarizes  data  obtained  in 
16  studies  of  the  mixing  of  portland  cement 
concrete  in  34— E  dual-drum  pavers,  con- 
lueted  by  13  State  highway  departments. 
Determinations  tvere  made  of  the  desirable 
time  of  mixing  and  the  amount  of  overload 
vhich  could  be  permitted.  The  results  in- 
licated  that  the  highest  strengths  were 
ittained  at  a  60 -second  mixing  time,  exclu- 
sive of  transfer  time,  and  that  an  overload 
if  10  or  20  percent  could  be  tolerated.  It 
vas  tilso  found  that  very  little  loss  in 
strength  of  the  concrete  resulted  when  the 
•nixing  time  was  reduced  to  40  seconds, 
exclusive  of  transfer  time,  but  ivhen  the 
■nixing  time  was  reduced  to  30  seconds  a  loss 
n  strength  of  5  to  6  percent  occurred.  A 
nixing  time  of  more  than  60  seconds,  exclu- 
sive of  transfer  time,  was  found  to  be  unde- 
sirable since  it  involved  waste  of  effort  and 
•esulted  in  loss  of  strength  without  gain  in 
the  uniformity  of  the  concrete. 

[N  December  1957,  the  Bureau  of  Public 
Roads  suggested  that  a  study  of  the  pro- 
luction  of  portland  cement  concrete  in  34-E 
lual-drum  pavers  be  made  by  interested 
state  highway  departments,  to  determine  the 
nost  desirable  mixing  time  and  the  permissible 
jverload,  if  any.  State  highway  specifications 
showed  that,  exclusive  of  the  transfer  time  re- 
mired  to  move  the  concrete  from  the  first  to 
.he  second  drum,  some  States  permitted  a  mix- 
ng  time  of  as  little  as  50  seconds,  while  other 
States  required  mixing  times  of  as  much  as  up 
o  120  seconds.  Some  State  specifications  per- 
nitted  no  overload,  but  others  allowed  over- 
oads  of  from  10  to  20  percent.  It  was  believed 
.hat  factual  information  on  the  effect,  of 
nixing  time  and  of  amount  of  overload  might 
permit  the  more  rapid  production  of  concrete 
vithout  reduction  in  quality.  Lower  cost  of 
he  concrete  in  place  should  then  be  obtained. 
The  program  proposed  by  the  Bureau  of 
Public  Roads  suggested  that  mixing  times  of 
50,  60,  and  90  seconds,  exclusive  of  transfer 
ime,  be  used.  Since  most  States  used  a 
nixing  time  of  about  60  seconds,  this  was 
aken  as  a  standard  of  comparison.  The  30- 
;econd  time  was  suggested  as  part  of  the 
)rogram  to  provide  concrete  which  might 
possibly  be  undermixed;  the  90-second  time 
vas  intended  to  determine  if  extended  mixing 
)f  concrete  would  abrade  the  aggregate  to 
iuch  an  extent  that  excessive  fines  would  be 
Droduced,  causing  the  strength  of  the  concrete 
.o  suffer.    The  States  were  informed,  however, 

1  This  article  was  presented  at  the  39th  Annual  Meeting  of 
he  Highway  Kesearch  Board,  Washington,  D.C.,  January 
960. 


that  these  times  could  be  changed  to  suit,  their 
particular  interests,  if  they  so  desired. 

As  proposed  in  the  program,  many  States 
used  an  overload  of  10  percent  in  their  studies, 
and  in  some  cases  an  overload  of  20  percent 
was  used.  Where  the  project  contractors 
objected  to  the  larger  overload  because  of 
possible  resultant,  wear  on  their  equipment 
and  waste  of  material,  the  20-percent  overload 
was  omitted. 

The  suggested  program  also  recommended 
that  for  a  given  combination  of  mixing  time 
and  overload,  samples  for  test  be  taken  from 
each  tenth  batch  of  90  consecutive  batches  of 
concrete.  It  was  further  recommended  that 
three  samples  be  taken  from  each  batch 
sampled,  one  sample  representing  each  third 
of  the  concrete  as  discharged  from  the  bucket. 
Specimens  for  compression  and  flexure  tests 
were  made  from  certain  of  the  batches  sampled 
and  tests  for  air  content,  unit  weight,  and  uni- 
formity of  composition  were  made  on  certain 
other  batches. 

Conclusions 

The  data  obtained  by  the  States  were  so 
extensive  that  only  a  considerably  condensed 
review  can  be  included  in  this  report.  Based 
on  a  painstaking  study  of  all  material  reported, 
the  following  conclusions  have  been  drawn. 

The  results  of  strength  tests  included  in  this 
investigation  showed  that  for  34-E  dual-drum 
pavers,  the  greatest  strength  was  obtained 
with  a  mixing  time  of  60  seconds,  not  including 
transfer  time  between  drums.  This  mixing 
time  could  be  reduced  to  40  seconds,  exclusive 
of  transfer  time,  with  but  very  little  reduction 
in  the  strength  of  the  concrete.  Reduction  of 
the  mixing  time  to  30  seconds,  exclusive  of 
transfer  time,  caused  a  reduction  in  strength 
of  5  to  6  percent.  Concrete  mixed  for  30 
seconds  occasionally  showed  segregation  but 
generally  could  be  placed  and  finished  without 
difficulty.  In  some  studies  it  was  found  de- 
sirable to  increase  the  water-cement  ratio 
slightly  for  concrete  mixed  for  only  30  seconds. 

A  mixing  time  of  more  than  60  seconds,  ex- 
clusive of  transfer  time,  was  found  to  be  un- 
desirable, since  it  involved  waste  of  effort  and 
resulted  in  loss  of  strength  without  gain  in  the 
uniformity  of  the  concrete.  Little  evidence 
of  excessive  abrasion  of  the  aggregate  was 
noted,  however,  even  with  mixing  times  as 
long  as  90  seconds. 

Overloading  of  34-E  dual-drum  pavers 
above  their  rated  capacity  caused  a  reduction 
in  strength  of  1  to  2  percent  for  an  overload 
of  20  percent,  and  a  reduction  of  2  to  4  percent 
for  an  overload  of  10  percent.     The  greater 


reduction  for  the  smaller  overload  may  have 
been  fallacious,  or  it  may  have  been  possible 
that  the  mixers  used  in  these  tests  actually 
performed  better  with  a  greater  load.  Data 
to  clarify  this  point  were  not  available. 

In  studies  of  the  uniformity  of  concrete 
produced  by  34-E  (lual-drum  pavers,  it  was 
found  that  the  quality  of  concrete  depended  on 
the  operations  preceding  the  paver  mixing  op- 
eration. If  a  harsh  mix  was  fed  to  the  paver, 
extended  mixing  time  still  furnished  a  harsh 
concrete.  If  a  properly  sized  and  proportioned 
mix  was  used,  most,  if  not  all,  of  the  mixers 
studied  in  this  investigation  furnished  well 
mixed  concrete  after  only  30  seconds  of  mixing. 

It  should  be  noted  that  some  contractors 
objected  to  an  overload  of  more  than  10  per- 
cent on  the  grounds  that  their  equipment 
would  not  handle  it.  Also,  some  contractors 
were  not  able  to  use  a  mixing  time  shorter 
than  50  seconds,  due  to  their  inability  to 
supply  materials  to  the  paver. 

In  general,  it  is  believed  (hat  the  results  of 
the  strength  tests  of  concrete  were  more  indica- 
tive of  the  effectiveness  of  the  mixers  used 
than  were  the  results  of  tests  for  uniformity 
of  concrete.  The  tests  made  for  the  latter 
purpose  were  of  considerable  value,  but  if 
studies  of  this  type  should  be  conducted  in  the 
future,  a  marked  increase  in  the  number  of 
tests  for  compressive  strength  would  be  recom- 
mended, with  elimination  of  the  flexural 
strength  tests  and  a  reduction  in  the  tests  for 
uniformity.  If  it  could  be  devised,  a  test  for 
cement  content  in  the  mixed  concrete  which 
could  be  made  in  entirety  on  the  project  would 
be  recommended,  with  another  test  for  water 
content  of  the  concrete. 

Scope  of  Da  In 

The  studies  of  the  effect  of  mixing  time  and 
overload  on  the  quality  of  portland  cement 
concrete  produced  in  34-E  dual-drum  pavers 
were  made  by  13  State  highway  departments; 
2  studies  were  made  by  each  of  3  States, 
resulting  in  a  total  of  16  studies.  The  loca- 
tions of  the  studies  are  shown  in  table  1. 
Information  concerning  the  type  of  mixer 
used,  the  coarse  aggregate,  the  nominal 
mixing  times,  and  the  overloads,  is  given  in 
table  2. 

In  this  article,  data  from  the  studies  are 
presented  on  the  effect  of  mixing  time  and 
overload  on  the  compressive  and  flexural 
strengths  of  concrete.  Also  reported  are 
determinations  intended  to  show  the  uniform- 
ity (or  lack  of  it)  of  single  batches  of  concrete, 
as  well  as  variations  from  batch  to  batch  of 
concrete  prepared  under  presumably  the  same 
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Table  1.— Highway  construction  projects  in  the  study  of  34— E 
dual-drum  pavers 


-inn- 

Project  number 

Date  of 
study 

Highway 

route 
number 

Location 

Alabama 

California 

Delaware . 

District  of 
Columbia. 

1-65-3  (14)  (15).. 

III-Pla-17-A, 
Roc,  B. 

F-12(4)  S-US- 

48(2). 
F-55(l) 

Oct.  1958- 
July  1959.. 
July  1958.. 
June  1958.  . 

U.S.  31.. .. 
U.S.  40.-.- 
Del.  8 

25   miles   north    of   Bir- 
mingham 
Near  Roseville 

Dover,  Division  St.  and 

Forrest  Ave. 
Irving  St.  NE. 

Near  Plant  City 

Beattie  Corner  to  Nem- 
aha County  line 

Ypsilanti,  near  Willow 
Run  Airport 

Wymore  to  Kansas  State 
line 

Near  East  Chatham 

20  miles  west  of  Albany 

Wapakoneta  bypass 
Kirkersville  bypass 
Lynchburg  bypass 
Arlington    County,    Lee 

Highway 
Olympia 
Charleston  to  airport 

1-4-1(2) 

July  1958.. 

Oct.  1958.. 

June  1958.  . 

Oct.  1958- 

Aug.  1958- 
Oct.  1958.. 

U.S.  4 

U.S.  36-  — 
U.S.  12...- 

U.S.  77.— 

F-0  92      

Michigan 

Nebraska. 

New  York  1 

New  York  2 

Ohio  1 

1-02-5(6) 

F-250(7)  

BT-57-1 

1-1119(11).. 

1-196(5) 

Junel958-. 
Aug.  1958. 
Sept.  1958. 
Oct.  1958- 

Oct.  1958 

U.S.  25.— 
U.S.  40-  — 
U.S.  29.... 
U.S.  29.... 

Ohio  2     . 

1-529(11) 

F-FG-018-KD-. 
U-101-K3) 

Cont.  5733. 

S-2(4) 

Virginia  1...  . 
Virginia  2 

Washington 

West  Virginia 

Oct.  1958.  . 

W.  Va.  14. 

Table  2. — Type  of  paver,  aggregate,  and  principal  variables  used  in 
the  16  study  projects 


State 

Paver 

Coarse  aggregate 

Principal  variables 

Type 

Maximum 
size 

Nominal  mixing 
times  used 

Overload 

Alabama..        

California- 

A 
B 
A 
A 

B 

A 
A 
C 
B 
B 

B 
A 
B 
D 
B 
C 

Stone 

Gravel 

Stone 

Inches 

m 

VA 

2 

2 

2 

1 
2 
1 
2 
2 

m 

2y2 

2 

Seconds 
30-50-90 
30-50-711 
40-70-90 
30-50-70 

30-60-  90 

50-60-70-90 
30-50-70 
30-50-60  '.«i 
40-50-60-90-120 
60-90-120 

40-50-75 

50-75 

30-60-90 

30-60-90 

45-60 

30^0-50-60 

Percent 
0-10-20 
0-10-2(1 
0-10-20 

0-10-20 

0-10-20 

0-10-20 

0-10-20 
0-10-20 
0-10-12-20 
10-20 

0-10-20 
0-10-20 

(1-10-20 
II   1(1 
10-20 
0-10 

District  of 
Columbia. 

Gravel.. 

Stone 

Kansas 

Sand-gravel... 
Slag    

Stone.--     .  . 

New  York  1--. 

New  York  2 

Ohio  1 

Stone 

Crushed 
gravel. 

Stone 

Gravel 

Stone  - 

Ohio  2  -  . 

Virginia  1   . 

( travel 

Gravel.. 
Gravel.  

Washington.  — 
West.  Virginia 

mixing  conditions.  The  types  of  tests  made 
by  the  several  States  are  indicated  in  table  3. 
Some  of  the  States  prepared  formal  reports 
at  the  conclusion  of  their  individual  studies, 
while  others  supplied  test  results  in  an  informal 
manner.     The    data    obtained    by    all    States 


were  so  extensive  that  only  a  review  of  them 
can  be  included  in  this  report.  Of  particular 
interest,  among  data  excluded  here,  were  those 
that  would  permit  comparing  the  air  content 
of  concrete  as  determined  by  the  Chace  air 
meter   and   standard   pressure   or   volumetric 


! 


meters,  and  comparisons  between  the  results 
of  slump  cone  and  Kelly  ball  tests.  It  is 
expected  that  these  data  will  be  summarized 
and  reported  at  a  future  time,  but  their 
inclusion  in  this  report  was  not  considered 
necessary. 

The  study  was  unusual  in  that  it  involved 
considerable  effort  and  cooperation  on  the  part 
of  a  number  of  State  highway  departments 
and  highway  contractors.  The  skillful  han- 
dling of  difficult  field  testing  operations  by  the 
personnel  involved,  often  under  unfavorable 
conditions,  contributed  greatly  to  the  success 
and  value  of  the  study. 

Procedure  Problems 

In  determinations  of  the  mixing  time,  in 
this  article,  the  transfer  time  between  drums 
was  not  included.  It  has  been  stated  by  some 
that  the  concrete  is  mixed  during  this  transfer 
process.  However,  in  their  reports  different! 
States  reported  different  lengths  of  transfer 
time,  even  for  the  same  make  of  paver,  and 
it  was  believed  that  it  would  simplify  the 
presentation  of  the  material  if  only  the  mixing 
time  in  the  drums  was  considered.  The 
values  reported  by  the  States  for  mixing  times 
are  shown  in  table  4. 

The  original  program  proposal  recom- 
mended sampling  of  every  10th  batch  for 
testing.  Some  States  believed  that  sampling 
of  every  10th  batch  might  be  too  frequent, 
and  sampled  every  20th  batch  instead. 
Where  the  testing  staff  was  limited,  this 
allowed  ample  time  for  the  test  procedures. 
Some  States  questioned  some  of  the  methods 
of  test  proposed,  and  modified  or  eliminated 
them  in  accordance  with  their  experience  or 
needs.  One  State  cast  only  a  few  specimens 
for  strength  tests,  and  drilled  cores  from  the 
pavement  for  the  strength  tests  of  record. 
Other  differences  were  found  among  the, 
individual  studies.  In  general,  however,  the! 
recommended  program  was  followed  suffi- 
ciently to  permit  use  of  most  of  the  data 
obtained. 

One  of  the  most  controversial  items  in  the 
suggested  program  was  the  method  of  obtain- 
ing the  three  samples  of  concrete  representing 
a  single  batch  or  bucket  load.     It  was  recom- 


Table  3. — Various  tests  on  concrete  performed  by  the  States 


State 


Alabama 

California 

Delaware 

District  of  Columbia. 

Florida 

Michigan 

Nebraska 


New  York 

Ohio  1 

Ohio  2.. 

Virginia  1 

Virginia  2 

Washington... 
West  Virginia. 


Tests   for   compressive 
strength  on  cylinders  2 


7  days    14  days   28  days 


X 
X 
X 
X 
X 
X 


Tests  for  flexural 
strength  3 


7  days    14  days   28  days 


Tests  for  uniformity  of  plastic  concrete 


Washout 


Fine      Coarse 


X 
X 
X 
X 


X 
X 
X 

"x" 

X 

X 
X 
X 
X 
X 


Unit 
Weight 


Air  content  * 


Pres- 
sure 


Chace 


Slump 


X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 
X 


Kelly 
ball 


X 
X 
X 
X 
X 
X 


\\  illis- 
Ilime 


1  No  information  was  received  from  Kansas.       2  Michigan  and  New  York  used  cores  to  test  compressive  strength, 
flexural  strength.        «  Alabama  and  Michigan  used  the  rollermeter  method  for  testing  air  content. 


«  The  District  of  Columbia  conducted  a  3-day  test  for 
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Figitre  1. — One  of  the  methods  used  in  obtaining  sample  concrete. 


ended  originally  that  three  pans  be  placed 
i  the  subgrade,  slightly  separated  to  cover 
e  area  over  which  a  bucket  load  of  concrete 
ould  be  distributed.  However,  some  dim- 
ity was  found  with  this  method  of  sampling. 

:  hen  the  pans  were  placed  directly  on  the 
bgrade,  the  wave  of  concrete  from  the 
icket  frequently  knocked  the  pans  aside. 
1  some  projects,  to  correct  this  difficulty, 
e  pans  were  held  in  place  by  concrete 
oveled  against  their  sides.  Another  method 
und  to  be  effective  was  mounting  the  pans 
legs   about    12   inches   high,    as   shown   in 

:  ;ure  1. 

1(  Some  States  adopted  the  practice  of  having 
e  bucket  load  dumped  on  the  subgrade 
her  in  a  ribbon  or  in  an  oval-shaped  pile. 


: 


i 


*    Table  4. 


Samples  possibly  representing  different  sec- 
tions of  the  bucket-load  were  then  taken  from 
the  concrete.  At  first  it  was  questionable 
whether  the  samples  so  obtained  could  be 
considered  to  represent  the  first,  midale,  and 
last  third  of  the  concrete  batch  discharged 
from  the  mixer.  However,  it  was  pointed  out 
that  the  first  third  of  the  concrete  discharged 
from  the  bucket  might  not  be  the  same  as 
the  first  third  of  the  concrete  discharged  from 
the  mixer.  Due  to  restraint  of  the  sides  of 
the  bucket,  the  first  third  of  concrete  dis- 
charged from  the  bucket  may  include  some  of 
the  second  third  of  the  concrete  discharged 
into  the  bucket.  For  this  reason,  no  consid- 
eration was  given  in  this  report  to  differences 
between   the   methods    used   to   obtain    these 


-Average  mixing  time,  in  seconds,  as  given  by  those  States  where  mixing 
and  transfer  times  were  recorded  ' 


No  overload 

10  percent  overload 

20  percent  overload 

State 

Nominal 
mixing 

Average 
actual 

time 

Transfer 

Actual 

Transfer 

Actual 

Transfer 

Actual 

mixing 

time 

mixing 
time 

time 

mixing 
time 

time 

mixmg 
time 

time 

f      30 

11 

30 

15 

30 

11 

29 

30 

Alabama 

\      50 
(      90 

11 
11 

49 

79 

11 
11 

49 

75 

11 
11 

49 
79 

49 
78 

|      30 

10 

21 

10 

23 

10 

24 

23 

California     _ 

{      50 
I      70 

10 
10 

40 
60 

10 
10 

39 
60 

10 
10 

38 
60 

39 
60 

|      40 

9 

41 

9 

41 

9 

41 

41 

Delaware 

70 
|       90 

9 
9 

70 
90 

9 
9 

70 
90 

9 
9 

70 
90 

70 
90 

(       30 

12 

29 

12 

30 

12 

30 

30 

District  of  Columbia 

{       50 

12 

45 

12 

45 

12 

50 

47 

70 

12 

70 

12 

70 

12 

69 

70 

f      50 

10 

39 

10 

54 

10 

51 

48 

Kansas 

1       60 

10 

60 
60 

10 
10 

57 
62 

10 
10 

53 
61 

57 
61 

|       70 

10 

I      90 

10 

75 

10 

76 

10 

77 

76 

I       40 

8 

41 

9 

43 

8 

42 

42 

Ohio  1    __- 

{       50 
I       75 

8 
9 

51 
66 

9 
9 

54 
66 

9 
9 

51 
65 

52 
66 

Ohio  2 

/      50 
1       75 

10 

50 

10 

50 

12 

49 

50 

10 

65 

10 

65 

12 

64 

65 

f      30 

27 

28 

28 

28 

Virginia  1        

{       60 
|       90 

58 
89 

60 
87 

60 
90 

59 
89 

(       30 

29 

36 

32 

Virginia  2 

\       60 
I       90 

58 
93 

63 

96 

60 
94 

i  Florida  (30,  60,  90  sec),  Michigan  (30,  50,  70  sec),  Nebraska  (30,  50,  60,  90  sec),  and  West  Virginia  (30,  40, 
50,  60  sec.)  did  not  include  transfer  time  in  mixing  times  stated.  New  York  included  a  transfer  time  of  9  sec  in  mix- 
ing times  of  40,  50,  60,  90,  and  120  sec.     No  information  of  transfer  time  was  furnished  by  Washington  (45,  60  sec). 
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one-third-bucket-load  samples.  Although 
such  differences  existed,  it  may  be  considered 
that  the  collective  samples  for  each  mixing 
time  and  overload  are  reasonably  representa- 
tive of  the  entire  mixing  load. 

Effect  of  Mixing  Time  on  Strength 

As  shown  in  table  2,  the  States  used  widely 
different  nominal  mixing  times,  and  some 
differences  in  overloads.  There  also  was  a 
variance  in  the  materials  used  and  in  the 
methods  of  testing  compressive  and  flexural 
strengths.  To  place  each  set  of  data  on  a 
uniform  basis  for  comparison,  the  strength 
obtained  for  a  60-second  mixing  time,  or  with 
no  overload,  was  adopted  as  the  standard  of 
comparison.  Strengths  obtained  for  other 
mixing  times,  or  for  overloads,  were  then  com- 
pared with  these  values. 

In  six  of  the  studies,  a  60-second  mixing 
time  was  not  used.  To  permit  comparison 
of  the  data  obtained  with  those  for  the  other 
projects,  the  determined  strengths  were 
plotted  against  mixing  time  and  a  curve  drawn 
through  the  points.  The  value  shown  on  this 
curve  at  intersection  with  the  60-second 
abscissa  was  taken  as  the  base  measure. 

To  keep  the  reporting  of  data  concerning 
mixing  time  within  reasonable  bounds,  some 
liberties  have  been  taken  in  their  presentation. 
The  mixing  times  are  shown  at  5-second  in- 
tervals, and  a  value  for  strength  obtained 
with  an  actual  mixing  time  of  48  seconds,  for 
example,  is  shown  for  50  seconds.  However,  if 
there  was  only  one  determination  of  strength 
of  concrete  for  a  given  time  of  mixing,  this 
was  not  shown  in  the  charts.  In  many  in- 
stances the  elimination  of  these  single  values 
removed  wild  results  and  showed  to  better 
advantage  the  trend  of  the  remaining  mutually 
supporting  data. 

Data  reported  by  each  State  of  the  effect  of 
mixing  time  on  the  compressive  and  flexural 
strength  of  concrete  are  shown  in  figures  2 
and  3.  The  varying  strengths  reflect  the 
materials  used  and  the  methods  of  testing 
employed.  Some  States  used  cantilever  beam 
testing  machines,  and  obtained  flexural 
strengths  much  higher  than  those  using 
center-point  loading. 

Data  averaged  for  all  of  the  studies  to  show 
the  effect  of  mixing  time  on  the  compressive 
strength  are  plotted  in  figure  4.  The  curve 
in  each  portion  of  the  figure  presents  the  best 
considered  average.  In  the  lowest  portion 
of  the  figure,  the  curve  represents  an  average 
of  the  other  three  curves.  Similar  curves  for 
flexural  strength  are  shown  in  figure  5. 

The  same  finding;  that  the  compressive  and 
flexural  strengths  of  concrete  prepared  with 
the  mixers  and  materials  used  were  at  a  maxi- 
mum for  a  mixing  time  of  60  seconds,  is  evi- 
dent in  figures  4  and  5.  Marked  increase  or 
decrease  in  mixing  time  resulted  in  a  reduction 
in  strength,  but  this  reduction  was  of  no  great 
moment.  For  a  mixing  time  of  only  30 
seconds,  the  compressive  strength  was  re- 
duced only  6  percent  and  the  flexural  strength 
only  5  percent.  For  a  mixing  time  of  90 
seconds,  the  compressive  strength  was  reduced 
only  7  percent  and  the  flexural  strength  only 
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Figure  2. — Effect  of  mixing  time  on  compressive  strength,  by  State. 


3   percent.     A    reduction    in    mixing   time    to      strength  of  about  0.5  percent  and  no  decrease 
50  seconds  caused  a  reduction  in  compressive       in  flexural  strength. 


Figures  G  and  7  present  the  effect  of  over 
load  on  the  compressive  and  flexural  strengtf 
of  the  samples  tested.     The  curve  representin 
the   average   for  all  determinations  of  com 
pressive  strength  shows  that  a  decrease  of 
percent  in  strength  resulted  for  an  overloa 
of  10  percent.     For  a  20-percent  overload, 
decrease  in  strength  of  only  1  percent  resultec 
In  the  flexural  strength  determinations,  ove) 
loads   of   10   and  20  percent  each   caused 
reduction  in  strength  of  only  2  percent. 

Some  inquiry  has  been  made  of  the  reaso1 
for  the  lower  compressive  strength  of  concret1 
prepared  with  an  overload  of  10  percent  tha 
with  an  overload  of  20  percent.  It  wi< 
speculated  that  the  greater  overload  causa 
the  drum  to  operate  more  efficiently;  howevej 
if  this  were  the  reason  a  mixer  with  an  ove? 
load  of  10  percent  would  be  expected  1 
operate  more  efficiently  than  one  with  I 
overload.  Such  was  not  found  to  be  the  caf 
if  strength  tests  of  concrete  are  used  to  judg 
the  efficiency  or  rather  the  effectiveness  of 
mixer.  Some  other  reason  must  apply 
these  test  results. 

Most  specimens  were  prepared,  cured,  an 
tested  in  accordance  with  standard  ASTI 
methods.  No  concern  need  be  given  to  th 
phase  of  each  investigation,  as  the  data  we: 
apparently  affected  but  little  by  variations  i 
the  preparation  of  specimens.  With  this  a 
cepted,  it  may  be  assumed  that  variations 
the  strength  of  the  concrete  are  due  to  tl 
mixing  procedures  used,  or  the  weather  coi 
ditions  over  which  there  was  no  control. 

Further  study  was   given  to  the  effect 
overload  on  the  compressive  strength  of  coi 
crete,  reported  in  table  5.     It  was  observe 
that  in  Florida  the  strength  for  no  overloi 
was    considerably    higher    than    that    for    I 
percent  overload  at  all  ages  and  for  20  perceii 
overload  at  an  age  of  7  days.     It  was  believe^ 
that  a  detailed  study  of  the  results  from  th 
State  might  be  warranted.     It  was  also  note 
that  in  the  Virginia  No.  2  study  and  in  tl 
West    Virginia    study    the    results    for    a    1 
percent  overload  ranged  from  slightly  lower 
considerably  lower  than  for  no  overload,  ar 
that  no  tests  were  made  for  an  overload  of 
percent.     It  was  believed  that  these  resul 


Table  5.- 

—Effect  of  overload  on  compressive  strength 

State 

Tests  at  7  days  for  unit  compressive  strength 

Tests  at  14  days  for  unit  compressive  strength 

Tests  at  28  days  for  unit  compressive  s 

trength 

No 
overload 

in  percent  overload 

20  percent  overload 

No 

overload 

10  percent  overload 

20  percent  overload 

No 
overload 

10  percent  overload 

20  percent  overload 

Strength 

Strength 

ratio  - 

Strength 

Strength 
ratio  2 

Strength 

Strength 
ratio  2 

Strength 

Strength 
ratio  2 

Strength 

Strength 
ratio  ■ 

Strength 

Strength 
ratio  2 

Alabama.     ._  ._ 

p.s.i. 
2, 890 

4,616" 

3,140 
2,920 

i'.WO 

3,~740~ 
2,"940" 

p.s.i. 
2,950 

4,020 
3, 131) 
2,  47(1 

4,000 

3,690 
2,560 

102 

100 
100 

85 

96 

99 
87 
96 

p.s.i. 
3,320 

3,  760 
2,  95(1 
2,760 

4,320 

115 

94 
94 
95 

104 

100 

p.s.i. 

2,300 

4,280 
3,  580 
3,  290 

4,260 
3,640 

p.s.i. 

2,240 
4,310 

3,  560 
2,750 

3,990 
3,410 

97 
101 

99 
84 

94 
94 
95 

p.s.i. 

2,130 
4.120 
3,380 
3,  560 

93 

96 
94 
108 

98 

p.s.i. 

5,720 

4,  730 

3,  880 
3,760 

4,560 

4,  630 

5,  560 

5.  .'(711 
4,  300 

3,620 
4,440 

4,240 

p.s.i. 
5,260 

4, 640 
3, 800 
3,320 

3,  620 
4,920 
5,390 

5,  440 
4,050 

3,330 

4,170 

4,  630 
4,100 

92 

98 
98 
88 

80 
106 

97 
101 

94 

92 
94 

97 

94 

p.s.i. 

5,740 

4,550 
3, 660 
3,940 

4,150 
4.61(1 
5.  300 
5,  450 
4,790 

3,240 

4,660 

100 

96 
94 
105 

91 
100 

95 
101 
111 

90 

98 

1 

California 

Delaware _._. 

District  of  Columbia.. 
Florida 

Kansas  '. 

Michigan 

Nebraska 

Ohiol  ... 

Ohio  2 

Virginia  1 

Virginia  2 

Washington 

West  Virginia 

Average 

1  Kansas  tested  cores  at  28  days  with  the  following  results:  No  overload,  5,030  p.s.i.;  10  percent  oveiload,  4,430  p.s.i.;  20  percent  overload,  4,530  p.s.i.       2  Ratio  to  strength  for  no  overlo 
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ei    an     unwarranted    extent    and    that    they       the   Florida  tests,   the  compressive  strengths 

obtained  for  each  combination  of  mixing  time 
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igure  4. — Average  effect  of  mixing  time  on 
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Figure  5. — Average  effect  of  mixing  time  on 
flexural  strength. 


and  overload  were  plotted  against  age  at  test. 
It  was  believed  that  if  there  had  been  any 
unusual  features  affecting  the  test  results, 
these  would  be  shown  by  some  exceptional 
behavior  in  rate  of  gain  of  strength.  As  shown 
in  figure  8,  all  of  the  Florida  tests  made  for 
concrete  prepared  with  90  seconds  mixing 
time  produced  an  unusual  behavior  in  rate  of 
gain  of  strength.  In  two  of  the  three  cases,  the 
strength  at  an  age  of  14  days  was  lower  than  that 
at  7  days.  In  the  third  case,  the  strength  at 
7  days  appears  to  be  quite  low  and  that  at  14 
days  somewhat  high.  Why  these  results  had 
this  unusual  behavior  is  not  known,  but  there 
is  indication  that  they  were  caused  by  some 
feature  other  than  the  variables  of  record 
and  it  is  believed  that  these  results  may  justi- 
fiably be  excluded  from  consideration.  Con- 
sequently, in  consideration  of  the  effect  of 
overload  on  compressive  strength,  all  three 
sets  of  specimens  mixed  for  90  seconds  in 
Florida  were  rejected. 

Figure  9  presents  revised  trends  of  the 
effect  of  overload  on  compressive  strength 
with  the  questionable  and  incomplete  data 
excluded.  Even  with  these  data  excluded,  it 
was  found  that  the  strength  for  an  overload 
of  10  percent  was  slightly  lower  than  that  for 
an  overload  of  20  percent,  and  both  overloads 
furnished  less  strength  than  no  overload. 
The  maximum  amount  of  reduction  in  strength 
is  only  4  percent  which,  in  view  of  the  more 
rapid  production  of  concrete  gained  by  over- 
loading, may  be  considered  of  minor  conse- 
quence. 

In  the  tests  to  determine  the  effect  of 
overload  on  flexural  strength,  certain  test 
specimens  yielded  irregular  results,  as  shown 
in  table  6  and  figure  10.  In  no  case,  however, 
were  all  specimens  for  a  given  time  of  mixing 
involved,  and  all  data  obtained  were  used  to 
determine  average  trends  for  all  of  the  studies. 
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Figure   6. — Average   effect   of    overload    on 
compressive  strength. 
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flexvral  strength. 

Effect  of  Make  of  Paver 

It  was  hoped  that  sufficient  data  could  be 
obtained  from  the  projects  using  the  same 
make  of  paver  to  determine  whether  that 
make  of  paver  processed  concrete  in  a  manner 
sufficiently  different  from  the  other  pavers  to 
warrant  comment.  It  was  considered  desir- 
able to  limit  the  data  used  to  that  representing 
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Figure  8. — Compressive  strength  for  each  set  of  variables  using  Florida  test  data. 


two  or  more  projects  and  four  mixing  times. 
The  results  obtained  for  a  single  make  of 
paver  showing  the  effect  of  mixing  time  on 
strength  are  shown  in  figure  11.  By  com- 
parison with  figures  4  and  5,  it  will  be  seen 
that  there  is  little  difference  between  the 
curves  for  this  single  make  of  mixer  and 
the  curves  for  all  makes  over  the  range  of 
50   to   70  seconds   mixing  time.     It  is  prob- 


able that  more  difference  in  effectiveness 
mixing  will  be  found  between  individu 
mixers  of  any  make  than  between  groups 
mixers  of  different  makes.  In  two  of  the 
studies  the  mixers  used  were  found,  on  initi 
inspection,  to  contain  a  considerable  amou 
of  hardened  concrete.  Removal  of  tv 
concrete  unquestionably  improved  the  eff£ 
tiveness  of  the  mixers. 
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Table  6. — Effect  of  overload  on  flexural  strength 


1  California,  Kansas,  and  New  York  reported  no  tests  for  flexural  strength. 
30th  10-  and  20-pereent  overload. 


State  ' 

Tests  at  7  days  for  unit  flexural  strength 

Tests  at  14  day 

»  for  unit  flexural  strength 

Tests  at  28  days  for  unit  flexural  strength 

No 
overload 

10  percent  overload 

20  percent  overload 

No 
overload 

10  percent  overload 

20  percent  overload 

No 

overload 

10  percent  overload 

20  percent  overload 

Strength 

Strength 

ratio  -' 

Strength 

Strength 
ratio  2 

Strength 

Strength 
ratio  2 

Strength 

Strength 
ratio  2 

Strength 

Strength 
ratio  i 

Strength 

Strength 
ratio  s 

p.s.i. 
515 

"470" 

~680~ 

"825" 
720 

""565" 
"415" 

p.s.i. 
550 

490 

640 

800 
730 

485 
400 

107 
104 

94 

97 
101 

96 
96 
99 

p.s.i. 
575 

460 

640 

835 
730 

112 
98 

94 

101 
101 

102 

p.s.i. 

795 

645 
525 

955 
840 

515 
430 

p.s.i. 

820 
530 
515 

875 
845 

520 
470 

103 

97 
98 

92 

101 

101 

109 

100 

p.s.i. 

760 
500 
480 

960 
820 

505 

96 
92 
91 

101 

98 

98 
96 

p.s.i. 
785 

555 

680 
810 

p.s.i. 
640 

595 

665 
735 

865 

82 

107 

98 
90 

94 

p.s.i. 

710 

575 

680 
765 

845 

90 
104 

100 

94 

97 

Delaware 

District  of  Columbia.- 

Kansas.. 

Michigan... 

New  York 

Ohio  1       

Ohio  2                 

Virginia  1 

Washington 

Average  3 

2  Ratio  to  strength  for  no  overload.        3  The  average  ratio  to  strength  for  no  overload  at  all  ages  was  98  for 


Tests  for  Uniformity  of  Plastic 
Concrete 

I  It  would  be  expected  that  insufficient  mixing 
vould  be  evidenced  by  marked  differences  in 
he  results  of  tests  of  the  three  portions  of  a 
racket  of  concrete,  possibly  by  greater  than 
lormal  weight  per  cubic  foot,  and  by  low 
lir  content.  Excessive  mixing  would  be 
xpected  to  be  detected  by  excessive  fines  in 
;,he  concrete,  and  possibly  by  a  low  air 
gptent. 

Almost  all  of  the  States  made  and  reported 
pest  determinations  which  were  intended   to 
I  be  used  to  show  the  uniformity  of  the  plastic 

I  concrete.  These  tests  included  determina- 
ions  of  the  cement  content  by  the  Willis- 
rlime  and  Dunagan  methods,  washout  tests 
or  fine  or  coarse  aggregates,  tests  for  unit 
veight  of  concrete,  tests  for  consistency  using 

_  he  slump  cone  and  Kelly  ball  methods,  and 
jressure,  volumetric,  and  Chace  tests  for  air 

Content. 

The  data  furnished  by  the  States  were 
studied,  and  a  selection  of  these  data  was 
made  to  determine  the  uniformity  of  the 
concrete  produced  with  the  various  mixing 
times  and  overloads.  For  ease  in  presentation 
wd  comparison,  these  data  are  shown  in 
figures  12-20.  In  each  figure,  sample  data 
1  reflecting  various  characteristics  of  the  con- 

r|crete  are  shown  with  reference  to  individual 
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Figure  11. — Effect  of  mixing  time  on 
strength,  determined  from  one  make  of 
paver. 
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combinations  of  mixing  time  and  overload. 
Data  for  the  first  one-third  of  the  bucket 
load  of  concrete  are  indicated  by  a  circle; 
for  the  second  third,  the  data  are  indicated 
by  a  cross;  and  for  the  last  third,  by  a  triangle. 
The  solid  lines  in  the  figures  connect  the 
average  value  for  a  bucket  load. 

Generally,  the  data  plotted  for  each  one- 
third  portion  is  an  average  taken  from  three 
loads  of  concrete.  These  loads,  obtained 
from  different  batches  and  on  different  days, 
could  have  been  influenced  by  changing 
weather  conditions,  characteristics  of  the 
materials  used,  or  by  the  personal  equation 
of  the  operators.  However,  the  sample 
loads  indicate  a  general  trend  which  may  be 
considered  adequate  for  this  study  and  are 
not  intended  to  cover  all  minute  details 
which   might   influence   such   determinations. 

For  most  of  the  reporting  States,  data 
covering  tests  for  unit  weight,  washout,  and 
air  content  were  available.  In  the  other 
States,  data  for  slump  were  available. 

Unit  Weight 

A  marked  variation  in  unit  weight  of  con- 
crete for  a  single  batch  of  concrete  or  for 
several  batches  mixed  under  the  same  condi- 
tions would  indicate  either  a  harsh  concrete 
or  insufficient  mixing.  If  a  marked  variation 
was  found,  and  the  same  one-third  portion 
generally  had  the  greatest  or  least  weight  of 
the  samples  representing  the  same  bucket- 
load,  it  was  assumed  that  the  mixer  was  not 
operating  properly  and  was  furnishing  under- 
mixed  concrete.  For  a  given  combination  of 
aggregates,  high  unit  weights,  closely  grouped, 
indicated  well-mixed  concrete. 

General  trends  for  all  data  from  short  to  long 
mixing  times  were  also  of  interest.  If  the 
trend  appeared  toward  greater  weight,  an 
improvement  in  mixing  was  assumed.  If  the 
trend  was  toward  lesser  weight,  this  was  taken 
to  indicate  overmixing  and  reduction  in  size 
of  the  aggregate. 

Washout 

The  results  of  the  washout  tests  were  shown 
by  several  different  methods.  In  some  cases, 
the    States     determined    and    reported    the 


amount  of  fine  aggregate  in  the  concrete  or 
the  grading  and  fineness  modulus  of  the 
aggregate.  In  others,  the  amount  of  coarse 
aggregate  was  determined.  Some  States 
reported  the  grading  of  all  aggregate,  and 
choice  had  to  be  made  as  to  which  data  would 
give  the  most  information. 

The  results  of  these  tests  were  expected  to 
determine  if  extended  mixing  of  concrete  would 
abrade  the  aggregate  to  a  marked  extent. 
This  could  be  demonstrated  if  there  was  a 
decrease  in  the  fineness  modulus  of  the  fine 
aggregate,  or  an  increase  in  the  amount  of 
fine  aggregate  and  decrease  in  the  amount 
of  coarse  aggregate.  Undermixing  of  the 
concrete  was  indicated  by  the  nonuniformity 
of  the  distribution  of  aggregate  in  the  three 
portions  of  a  bucket  load. 

Air  content 

The  air  content  of  the  concrete  was  deter- 
mined by  use  of  pressure  or  volumetric 
methods,  including  the  Chace  air  meter  test 
as  one  of  the  latter  methods.  When  available, 
data  obtained  with  a  pressure  meter,  or  a 
volumetric  method  using  a  large  sample  of 
concrete,  were  preferred  over  data  obtained 
with  the  Chace  air  meter. 

The  air  content  of  air-entrained  concrete 
was  believed  to  be  an  excellent  indication  of 
the  thoroughness  of  mixing  the  concrete. 
Insufficient  mixing  would  be  indicated  by  low 
amounts  of  air  and  by  variation  of  the  amounts 
of  air  between  portions  of  a  batch.  With 
excessive  mixing,  it  was  believed  that  some 
of  the  air  would  be  lost,  but  in  this  case  the 
air  in  each  portion  of  a  batch  would  be 
practically  constant. 

Slump 

The  slump  is  a  measure  of  the  workability 
of  concrete.  A  concrete  can  have  a  high 
water-cement  ratio  and  at  the  same  time  have 
a  low  slump  due  to  harshness  of  the  mix. 
In  very  few  instances  were  the  concretes 
produced  in  these  studies  found  to  have  poor 
workability,  and  it  is  believed  that  these  cases 
can  be  ignored.  The  slump  can  be  used  with 
other  data  to  deduce  whether  thoroughness 
of  mixing  was  obtained. 


Other  determinations 

Other  determinations  made  on  portions  of 
a  bucket  load  of  concrete  included  the  Willis- 
Hime  test '  for  the  cement  content  of  concrete, 
and  the  Dunagan  method 2  for  determining 
the  composition  of  concrete.  The  Willis-Hime 
test,  made  by  the  District  of  Columbia, 
New  York  and  Virginia,  yielded  disappointing 
results  in  that  they  differed  greatly  from  the 
known  cement  content.  It  was  found  that 
the  principal  reason  for  the  results  obtained 
was  failure  to  dry  the  samples  sufficiently. 
Since  all  of  the  water  was  not  driven  off,  the 
cement  grains  still  retained  water  and  were  not 
separated  from  the  sand  portion  of  the  mortar 
during  the  centrifuging  operation.  This 
resulted  in  a  test  determination  showing  a  low 
cement  content  of  the  concrete. 

The  District  of  Columbia  made  determina- 
tions of  the  composition  of  the  fresh  concrete 
using  the  Dunagan  method.  The  results 
varied  tremendously  and  indicated  variations 
within  and  between  batches  of  concrete  which 
were  beyond  the  realm  of  the  possibility. 
Without  doubt,  some  feature  was  overlooked 
in  the  performance  of  these  tests  which 
resulted  in  inappropriate  test  data. 

Review  of  Uniformity  by  States 

A  review  of  the  data  for  some  of  the  indi- 
vidual State  projects  was  made  to  determine 
information  of  interest  with  respect  to 
uniformity  of  concrete.  Such  information  is 
presented  in  the  following  paragraphs. 

Alabama 

The  results  from  the  Alabama  project  (fig. 
12)  showed  a  slight  overall  decrease  in  unit 
weight  with  increase  in  mixing  time.  With  an 
overload  of  20  percent,  however,  higher 
weights  were  obtained  for  each  mixing  time 
than  for  no  overload.  In  8  of  the  9  combina- 
tions of  mixing  time  and  overload,  the  last 
portion  of  the  concrete  discharged  by  the 
bucket  had  the  greatest  weight.  These  facts 
collectively  were  assumed  to  indicate  that  the 
mixer  was  not  operating  to  best  advantage, 
and  that  an  overload  of  20  percent  was  an  aid 
in  obtaining  better  mixing  of  the  concrete. 

Determinations  of  the  material  passing  the 
No.  4  sieve  in  the  washout  test  showed  some 
wide  variations  within  a  bucket  load  of  con- 
crete— especially  for  the  30-second  mixing 
time.  Each  of  the  loads  had  an  equal  amount 
of  sand,  or  more  in  the  first  one-third  of  the 
bucket  load  than  in  the  second  or  last  third 
portions.  These  variations  indicated  an  in- 
sufficient mixing  for  a  30-second  period.  The 
general  trend  for  all  washout  test  results 
showed  no  increase  in  amount  of  fine  aggregate 
with  increase  in  mixing  time  and  overload. 
This  would  indicate  that  even  for  a  90-second 
mixing  time,  there  was  no  more  abrasion  of 
aggregates  than  for  shorter  periods  of  mixing 
time. 

The  air  content  tests,  using  a  volumetric 
method,    produced    uniform    values    for    the 


'  Cement  Content  of  Freshly  Mixed  Concrete.  ASTM 
Bulletin,  No.  239,  July  1969,  pp.  48-49. 

>A  Method  of  Determining  the  Constituents  of  Fresh  Con- 
crete, by  W.  M.  Dunagan.  Proceedings,  American  Concrete 
Institute,  vol.  26,  1930,  pp.  202-210. 

8 


"iWfft; 


BUCKET  LOAD   PORTIONS 

O    FIRST  THIRD        

+    SECOND  THIRD 


147 
146 
145 


A 

1 

A    LAST    THI 

3D 

k 

T  / 

t^ 

A 

T    /* 

N.     T 

A 

6 

+ 

5" 

Ct 

M 

r 

30 

0 


50  90 

MIXING  TIME- SECONDS 

0         10       20        0         10 
OVERLOAD-  PERCENTAGE 


Figure  12. — Test  determinations  on  uni- 
formity of  concrete  in  the  Alabama 
project. 

different  portions  of  a  bucket  load.  In  two  of 
the  three  mixing  times,  increase  in  loading 
resulted  in  a  reduction  in  the  amount  of  air. 
The  air  contents  for  a  30-second  mixing  time 
with  no  overload  and  with  20  percent  overload 
were  the  same  as  those  for  the  same  loads  at  a 
90-second  mixing  time.  It  would  appear  from 
these  results  that  a  30-second  mixing  time  is 
sufficient  to  obtain  well-mixed  concrete,  and 
that  further  mixing  is  of  little  value. 

Delaware 

Data  from  the  study  in  Delaware  (fig.  13) 
showed  no  overall  trend  for  unit  weight  except 
for  a  higher  weight  for  each  mixing  time  with  a 
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10-percent  overload.  In  7  of  the  9  cases,  th 
weight  of  the  last  portion  from  the  bucket  wa 
equal  to  or  greater  than  that  of  other  portion! 
This  indicated  that  a  greater  percentage  c 
stone  was  present  in  the  last  portion  am 
further  suggested  that  the  mixer  was  no 
functioning  properly. 

In  the  washout  tests,  the  high  value  of  fine 
ness  modulus  of  sand  for  the  70-second  mixin 
time  with  a  10-percent  overload  was  matchl 
by  a  similar  high  value  for  unit  weight.  Thes 
values  were  considered  as  sports,  representin 
a  nonuniform  condition  such  as  the  use  o 
unusually  coarse  sand.  The  other  values  fo 
the  washout  tests  showed  no  unusual  feature 
other  than  the  prevalence  of  coarser  sand  fror 
the  center  of  the  bucket  load  and  the  pre 
gressive  decrease  in  fineness  modulus  for  th 
90-second  mixing  time. 

The  progressive  increase  in  fineness  of  th 
fine  aggregate  was  almost  matched  by  an  in 
crease  in  the  slump  of  the  concrete  for  th 
batches  involved.  Although  data  for  the  wate 
content  of  the  concrete  were  not  immediatel; 
available,  the  variations  in  the  values  fo 
slump  were  related  to  the  variations  in  the  uni 
weight  values  or  the  fineness  modulus  of  th 
fine  aggregate.  Where  an  increase  or  decreas 
in  slump  occurred,  a  decrease  or  increase  i 
unit  weight  was  found  or  an  increase  or  de 
crease  in  the  fineness  modulus  of  the  sani 
occurred.  Considering  all  values  given,  th 
previously  mentioned  failure  of  the  mixer  t 
furnish  well  mixed  concrete  must  be  repeatec 
It  appeared  that  extended  mixing  of  the  cor 
crete  did  abrade  the  aggregate  to  some  extenl 
It  was  also  found  that  the  first  sample  take 
from  each  bucket  load  generally  had  a  lowei 
than-average  unit  weight,  a  finer-than-avel 
age  sand,  and  a  higher-than-average  slump. 

District  of  Columbia 

The    results    obtained    in    the    District 
Columbia  study  (fig.  14)  were  unique  in  show 
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Figure  14. — Test  determinations  on  uni 
formity  of  concrete  in  the  District  q 
Columbia  project. 
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ng  an  increase  in  unit  weight  for  each  increase 
n  mixing  time  and  overload  except  for  the 
20-percent  overload  at  70-second  mixing  time. 
No  corresponding  trends  were  developed  in  the 
lata  for  fineness  modulus  of  fine  aggregate, 
lir  content,  or  slump.  It  appeared  that  the 
iniformity  of  concrete  was  improved  by  in- 
crease in  mixing  time  and  load,  the  additional 
overload  serving  to  promote  the  mixing  action. 
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Figure    15. — Test    determinations    on    uni- 
H    formity  of  concrete  in  the  Florida  project. 

va 

Florida 

The  results  obtained  in  the  study  in  Florida 
(fig.  15)  in  some  respects  were  quite  unusual. 
Except  for  one  nonconforming  group  of  data, 
uniform  results  were  obtained  for  the  slump  of 
concrete.  The  tests  for  air  content  made  by 
the  Chace  method,  also  produced  one  sport, 
but  otherwise  the  variations  were  insignificant . 
Neither  set  of  data  can  be  used  to  explain  vari- 
ations found  in  the  tests  for  unit  weight.  In 
the  concretes  mixed  for  60  and  90  seconds, 
those  with  a  10-percent  overload  had  slightly 
greater  average  weights  than  those  with  no 
overload  or  20-percent  overload;  while  in  the 
concretes  mixed  for  30  seconds,  those  with  a 
10-percent  overload  had  the  least  weight. 

In  view  of  the  marked  variation  in  unit 
weight  for  the  separate  portions  of  all  batches 
[j  of  concrete,  and  the  fact  that  the  last  portion 
of  each  bucket  load  had  the  greatest  weight  in 
7  of  the  9  combinations  of  mixing  time  and 
overload,  it  appeared  that  the  concrete  mix 
was  harsh  and  failed  to  respond  adequately 
to  increases  in  mixing  time.  A  possible  excep- 
tion to  this  may  be  shown  by  the  low  slump. 
With  a  slump  averaging  only  1%  inches,  more 
variation  in  unit  weight  must  be  tolerated 
within  a  batch  than  for  higher  slump  concrete. 

Michigan 

Data  results  obtained  in  the  Michigan  study 
(fig.  16),  in  which  slag  was  used  as  the  coarse 
aggregate,  reflected  in  some  respects  the  opin- 
ion  that  slag   concrete   is   usually   somewhat 
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Figure  16. — Test  determinations  on  uni- 
formity of  concrete  in  the  Michigan 
project. 

harsh.  However,  similar  behavior  was  de- 
tected in  data  from  other  projects  in  which 
gravel  was  used. 

In  the  tests  for  unit  weight,  an  increase  in 
time  of  mixing  was  accompanied  by  an  in- 
crease in  the  weight  of  the  concrete.  In  the 
concretes  mixed  for  50  or  70  seconds,  increase 
in  overload  resulted  in  a  decrease  in  the  unit 
weight,  and  in  the  concretes  mixed  for  30 
seconds,  those  with  a  20-percent  overload  had 
lower  weights  than  those  with  no  overload. 
These  data  indicate  that  an  increase  in  mixing 
time  and  elimination  of  overload  may  furnish 
more  uniformly  mixed  concrete  for  the  partic- 
ular mixer  and  concrete  used  in  this  project. 

The  washout  tests  showed  a  slight  decrease 
in  the  amount  of  fine  aggregate  with  an  in- 
crease in  mixing  time  and  overload.  The  re- 
sults of  the  air  content  tests  showed  a  reduc- 
tion in  the  amount  of  air  with  increase  in 
mixing  time  and  overload.  This  could  mean 
that  a  30-second  mixing  period  was  sufficient  to 
develop  maximum  air  content  in  the  concrete, 
and  that  longer  mixing  periods  permitted  some 
of  the  air  to  be  lost.  It  is  noted  that  the  data 
for  air  content  and  unit  weight  are  associated. 
An  increase  of  air  content  was  associated  with 
a  decrease  in  weight,  and  selection  of  a  most 
desirable  set  of  mixing  conditions  definitely 
does  not  rest  in  these  determinations. 

Nebraska 

For  the  study  in  Nebraska  (fig.  17),  the 
aggregate  used  was  a  mixture  of  sand-gravel 
and  limestone.  In  conducting  the  washout 
tests,  one  determination  made  was  the  amount 
of  crushed  limestone  found  in  the  mixed  con- 
crete. 

The  tests  for  unit  weight  of  concrete  indi- 
cated some  large  variations  both  within  and 
among  batches.  The  general  trend  of  these 
data  indicated  a  slightly  higher  unit  weight  for 
concrete  mixed  for  60  seconds  than  for  the 


other  concretes  included  in  the  study.  In  8 
of  the  9  combinations,  the  heavier  concrete 
was  found  in  the  first  portion  of  a  bucket  load, 
indicating  that  more  large  aggregate  was  con- 
tained in  this  portion  than  in  the  second  or 
third  portions.  No  relation  between  unit 
weight  and  air  content  results  were  found  ex- 
cept for  one  batch  mixed  for  60  seconds  with 
no  overload.  This  concrete  had  the  highest 
unit  weight  as  well  as  the  lowest  air  content. 
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Figure  17. — Test  determinations  on  uni- 
formity of  concrete  in  the  Nebraska 
project. 

The  Nebraska  report  stated  that  a  visual 
inspection  of  all  test  batches  used  did  not  dis- 
close any  poorly  mixed  concrete.  This  is  of 
considerable  importance  as  it  may  indicate 
that  the  variations  shown  in  figure  17  may  be 
of  no  significance  with  respect  to  concrete 
placed  on  the  roadway. 

Ohio  project  No.  1 

In  the  first  of  the  two  studies  conducted  in 
Ohio  (fig.  18),  marked  variations  in  unit  weight 
were  found,  but  the  data  showed  no  trends 
which  could  be  associated  directly  with 
amount  of  mixing  time  or  overload.  The 
amount  of  coarse  aggregate  recovered  from 
the  concrete  in  the  washout  tests  appeared 
irregular  for  the  40-second  mixing  time,  and 
one  group  of  results  for  the  50-second  mixing 
time  indicated  a  temporary  lack  of  control  at 
the  batching  plant.  However,  the  results 
found  for  air  content  appeared  to  be  quite 
uniform. 

It  was  reported  that  inspection  of  the 
concrete  as  it  was  placed  on  the  subgrade 
revealed  only  a  few  batches  on  which  question 
might  be  raised  regarding  uniformity  of 
mixing.  Possibly  uniformity  in  grading  of  the 
coarse  aggregate  and  in  batching  the  ma- 
terials were  of  equal  importance  to  the 
performance  of  the  mixer. 
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Figure    18. —  Test    determinations    on    uni- 
formity of  concrete  in  Ohio  project  I\o.  1. 

Virginia  project  No.  1 

It  was  reported  for  Virginia  project  No.  1 
that  the  concrete  was  harsh  and  difficult  to 
finish  but  this  was  corrected  during  the  study. 
However,  some  of  the  variations  of  the  data 
shown  (fig.  19)  may  have  been  caused  by  this 
condition.  Consequently,  only  a  few  com- 
ments on  these  data  may  be  warranted. 

It  is  interesting  to  note  that  the  unit  weight 
of  the  30-second  concrete  was  reasonably 
uniform,  and  that  greater  variations  within 
batches  were  found  for  concrete  mixed  for  90 
seconds.     On  the  other  hand,  the  air  content 
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Figure  19. — Test  determinations  on  uni- 
formity of  concrete  in  J  irginia  project 
No.    1. 

for  the  30-second  concrete  varied  more  from 
batch  to  batch  than  for  the  90-second  con- 
crete. In  the  slump  tests,  the  concrete 
mixed  for  30  seconds  with  a  20-percent  over- 
load had  a  wide  range  between  portions  of 
the  bucket  load,  but  this  could  have  resulted 
from  use  of  the  harsh  concrete. 

West  Virginia 

The  study  in  West  Virginia  (fig.  20)  was 
hampered  by  cold  weather  and  therefore 
some  of  the  washout  tests  were  not  made. 
The  notable  variations  in  unit  weight  were 
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Figure  20. — Test  determinations  on  uni- 
formity of  concrete  in  the  West  Virginia 
project. 

in  close  agreement  with  corresponding  varia- 
tions in  air  content  and  slump.  In  general, 
the  concrete  mixed  for  50  or  60  seconds  was 
more  uniform  among  batches  than  the  con- 
crete mixed  for  shorter  periods,  whereas 
very  uniform  concrete  throughout  a  bucket 
load  was  found  for  all  mixing  times. 


Dual-Drum  Paver  Productivity:  A  Motion  Picture 


The  Bureau  of  Public  Roads,  U.S.  Depart- 
ment of  Commerce,  recently  produced  a  new 
motion  picture,  Dual-Drum  Paver  Productiv- 
ity. The  film,  based  on  field  research  studies 
conducted  by  Public  Roads,  provides  evidence 
that  many  contractors  can  substantially  in- 
crease job  output  for  any  given  set  of  job 
conditions.  The  key  lies  in  better  control  of 
job  operating  delays. 

Action  scenes  from  a  variety  of  concrete 
paving  jobs  illustrate  job  conditions  and  per- 
formance factors  encountered  where  paver  pro- 
ductivity ranged  from  low  on  some  jobs  to 
outstanding  on  others.  Illustrations  show  how 
batch  plant  efficiency  and  capacity  as  well  as 


haul  road  variables  affect  the  size  of  hauling 
fleet  required  to  supply  the  paver.  Numerous 
operating  delays  are  highlighted  to  show  how, 
and  to  what  extent,  they  effect  paver  produc- 
tivity. Actual  job  scenes  show  how  these 
delays  have  been  held  to  a  minimum  on  high 
production  jobs.  The  simultaneous  showing 
of  contrasting  action  scenes  effectively  high- 
Lights  fast  versus  mediocre  batch  truck 
dumping  performance  at  the  skip. 

Dual-Drum  Paver  Productivity  is  a  16-mm. 
sound  and  color  film  with  a  running  time  of 
30  minutes.  Prints  may  be  borrowed  for 
showings  by  any  responsible  organization  by 
request  addressed   to   Photographic   Services, 


Bureau  of  Public  Roads,  Washington  25,  1J.C. 
There  is  no  charge  except  for  the  express  or 
postage  fees.  Requests  should  be  sent  well  in 
advance  of  the  desired  showing,  and  alternate 
dates  should  be  given  if  possible.  Immediate 
return  after  each  showing  is  necessary,  so  thai 
all  requested  bookings  may  be  fulfilled. 

Prints  of  the  film  may  be  purchased  at 
$122.83  per  copy,  the  price  including  film,  reel, 
can,  and  shipping  container,  and  postage  with- 
in the  United  States.  Inquiries  should  be 
addressed  to  Photographic  Services,  Bureau  of 
Public  Roads,  Washington  25,  D.C.  Payment 
should  not  be  sent  with  the  inquiry. 
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How  a 

Dual-Drum  Paver 
Operates 


The  accompanying  series  of  sketches  illustrates  the  functioning  of  a  dual-drum 
paver — the  machine  generally  used  on-site  to  mix  portland  cement  concrete  for 
highway  pavement — by  following  a  single  batch  of  cement  and  aggregate  com- 
pletely through  the  paver.  The  steps  described  below  are  keyed  to  the  Roman 
numerals  at  the  left  of  the  sketches. 

Step  I. — The  skip  is  up  and  batch  B  is  entering  compartment  1.  Batch  A,  al- 
ready in  compartment  2,  continues  mixing.  The  transfer  and  discharge  chutes 
are  both  closed.     The  empty  bucket  is  returning  along  the  boom. 

Step  II. — Batches  B  and  A  continue  mixing  in  compartments  1  and  2,  respec- 
tively. The  skip  is  down  and  is  receiving  batch  C  from  the  batch  truck.  The 
empty  bucket  has  returned.    The  transfer  and  discharge  chutes  are  still  closed. 

Step  III. — The  discharge  chute  has  opened,  and  batch  A  is  being  discharged 
from  compartment  2  to  the  bucket.  Batch  B  continues  mixing  in  compartment 
1 ,  and  batch  C  is  in  the  skip,  which  is  still  on  the  ground.  The  transfer  chute 
is  still  closed. 

Step  IV. — The  discharge  chute  has  closed  and  batch  A  is  in  the  bucket,  riding 
out  the  boom  to  be  dumped.  As  the  discharge  chute  closed,  the  transfer  chute 
opened,  and  batch  B  is  being  transferred  from  compartment  1  to  compartment  2. 
The  skip  is  moving  upward  with  batch  C.  These  four  steps  complete  one  paver 
cycle. 

Steps  V,  VI,  VII. — These  steps  correspond  exactly  to  steps  I,  II,  and  III, 
respectively.  They  are  included  in  the  series  to  show  the  progress  of  batch  B 
through  the  paver  from  the  skip,  in  step  I,  to  the  bucket,  in  step  VII. 

The  batchmeter 

The  sequence  of  steps  in  the  paver  cycle  is  controlled  by  a  batchmeter,  a  timing 
device  which,  at  preset  time  intervals,  actuates  the  successive  operations  of  the 
paver  or  signals  to  the  operator  that  certain  operations  can  proceed.  While  there 
is  a  variety  of  types,  most  batchmeters  have  generally  common  principles. 

With  one  popular  type,  the  operator  engages  a  control  lever  on  the  batchmeter 
(or  keeps  it  engaged)  to  begin  the  paver  cycle.  The  batchmeter  then  automatically 
starts  the  skip  hoist,  charges  water  into  the  drum,  and  closes  the  transfer  chute. 
Next  the  meter  sitiii;i!s  when  the  discharge  should  be  made,  and  the  operator 
opens  the  discharge  chute  (if  the  bucket  is  ready).  Then  the  meter,  at  the  proper 
time  interval,  automatically  closes  the  discharge  chute  and  opens  the  transfer 
chute.  As  the  discharge  chute  closes,  and  if  the  batch  truck  has  emptied  the  next 
batch  of  material  into  the  skip  and  moved  clear,  the  operator  engages  the  batch- 
meter control  lever  (or  keeps  it  engaged)  and  the  next  cycle  begins 

With  anothei  popular  type  of  batchmeter,  the  operator  raises  the  skip  which,  on 
its  way  up,  trips  a  lever  which  starts  charging  water  into  the  drum,  actuates  the 
meter,  and  closes  the  transfer  chute.  After  a  preset  time  interval  the  batch- 
meter automatically  opens  the  discharge  chute,  unless  the  operator  intervenes 
because  the  bucket  is  not  in  position.  Once  the  discharge  chute  has  been  opened, 
the  batchmeter  automatically  closes  it  and  opens  the  transfer  chute.  At  the  same 
time  the  meter  signals  to  the  operator  that  he  can  start  the  next  cycle. 

Mixing  time 

The  time  settings  of  the  batchmeter  theoretically  control  the  mixing  time  which, 
for  any  one  batch,  is  the  sum  of  the  times  it  spends  in  each  of  the  two  compart- 
ments. Mixing  time  is  usually  defined  as  beginning  when  all  solid  materials 
have  entered  the  drum.  This  entry  time  takes  from  3  to  11  seconds  from  the 
time  the  transfer  chute  closes,  depending  on  the  nature  and  moisture  content  of 
the  aggregates.  Some  mixing  specifications  exclude  the  time  of  transfer  of  the 
batch  from  the  first  compartment  to  the  second,  which  should  take  about  9  seconds. 

The  batchmeter  cannot,  of  course,  overcome  operating  difficulties  which  delay 
either  charging  or  discharging.  If,  at  the  proper  moment,  the  skip  is  not  ready 
to  go  up,  or  the  bucket  is  not  in  position  to  receive  a  mixed  batch,  the  batchmeter 
timing  device  is  stopped.  When  the  batchmeter  resumes,  it  runs  out  the  full 
preset  amount  of  the  time  interval  that  was  interrupted.  During  the  delay, 
however,  the  drum  continues  to  turn  on  "unmetered"  time.  As  a  consequence, 
overtime  mixing  occurs,  usually  for  the  batch  in  the  second  compartment.  Thus 
the  true  mixing  time  of  any  batch  is  the  full  preset  time  of  the  batchmeter  plus 
any  additional  time  occurring  because  of  delays. 

It  should  be  noted  that  the  batchmeter  is  a  mechanical  device  working  under 
adverse  conditions  of  dust,  moisture,  and  heavy  vibration,  and  cannot  be  expected 
to  parallel  the  precision  timing  of  a  jeweled  watch.  In  addition,  it  cannot  be 
ignored  that  the  batchmeter's  preset  timing  can  be  varied  or  nullified  through 
actions  of  the  paver  operator,  either  inadvertent  or  deliberate. 
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Dual-Drum  Paving:  Cost  vs.  Mixing  Time 


BY  THE  HIGHWAY  NEEDS  AND  ECONOMY  DIVISION 
BUREAU  OF  PUBLIC  ROADS 


Reported  '  by  MORGAN  J.   KILPATRICK, 
Chief,  Construction  Economy  Branch 


Skilled  paving  contractors  have  consist- 
ently produced  portland  cement  concrete  iit 
dual-drum  paiyers  with  controlled  mixing 
time  of  45  seconds  or  less,  including  transfer 
time.  The  increased  tempo  required  for 
operating  the  paver  with  a  short  cycle  and 
the  consequent  short  mixing  time  has  been 
achieved  in  part  through  use  of  larger  and 
faster  batch  trucks,  and  in  part  through  the 
contractors,  demonstrated  awareness  of  the 
importance  of  eliminating  unnecessary  de- 
lays ivhich  consume  valuable  production 
time. 

Monetary  savings  ranging  from  10  cents 
to  $3  per  cubic  yard  of  concrete  might  be 
realised  if  mixing  time  specifications  ivere 
reduced  to  45  seconds  from  their  present 
levels  of  up  to  120  seconds.  In  the  current 
highway  program,  millions  of  dollars  might 
thereby  be  saved  annually . 

Bureau  of  Public  Roads  on-the-job  studies 
of  the  production  of  portland  cement  concrete 
for  highway  pavements  indicate  that  some 
contractors,  through  adroit  management  and 
use  of  good  and  well-maintained  equipment, 
achieve  sustained  high  rates  of  production 
with  dual-drum  pavers.  The  fast  paver  cycle 
thus  shown  to  be  practical  also  results  in  a 
shorter  mixing  time  for  the  concrete — less 
than  is  now  specified  by  many  contracting 
authorities. 

To  the  engineer  the  fast  cycle  poses  a 
problem — that  of  quality  control,  usually  ex- 
pressed in  terms  of  mixing  time.  This  is  the 
subject  of  the  article  Study  of  34~E  Dual- 
Drum  Pavers,  appearing  on  page  1  of  this 
issue  of  Public  Roads,  in  which  it  is  shown 
that  the  longer  mixing  times  now  commonly 
specified  can  be  appreciably  reduced  without 
affecting  the  quality  of  the  concrete. 

But  there  is  another  consideration  involved 
in  the  fast  cycle — that  of  economy,  which  is 
the  subject  of  this  article.  Starting  from  a 
basis  of  factual  knowledge,  it  will  be  demon- 
strated theoretically  that  reasonable  reduc- 
tion of  specified  mixing  time  will  result  in  the 
production  of  concrete,  by  efficient  con- 
tractors, with  savings  ranging  up  to  as  much 
as  $3  per  cubic  yard.  Related  to  the  huge 
highway  program  now  under  way,  such  unit  re- 
ductions in  cost  have  the  potential  of  saving 
millions  of  dollars  annually. 

Definitions 

For  clarification,  the  following  definitions 
are  offered.     The  reader,  is  also  referred  to  the 

'  This  article  was  presented  at  the  39th  annual  meeting  of 
the  Highway  Research  Board,  Washington,  D.C.,  January 
1960. 
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47  PAVERS 
Figure  1. — Performance  comparison  of  47  dual-drum  pavers. 


short  descriptive  article,  How  a  Dual-Drum 
Paver  Operates,  on  page   11  of  this  issue. 

Paver  cycle. — The  paver  cycle  is  the  se- 
quence of  paver  operations  from  one  charging 
of  the  drum  to  the  next. 

Skip  cycle. — The  skip  cycle  includes  those 
stejDS  of  the  paver  cycle  in  which  the  skip  is 
raised,  the  batch  is  charged  into  the  drum,  and 
the  skip  is  lowered  to  the  ground  where  it  is 
then  ready  to  receive  the  next  batch  of  ma- 
terial dumped  by  the  batch  truck. 

Mixing  time.- — As  used  in  this  article,  mix- 
ing time  is  the  time  interval  from  complete 
entry  of  a  batch  of  cement  and  aggregate  into 
the  drum  to  the  beginning  of  discharge  of  the 
same  batch  into  the  bucket,  including  transfer 
time  between  the  two  compartments  of  the 
drum.  (In  the  article  on  p.  1,  for  reasons 
explained  therein,  transfer  time  was  excluded 
from  mixing  time.)  For  any  given  paver 
cycle,  there  is  a  maximum  mixing  time  that 
can  be  obtained  when  the  paver  is  adjusted 
and  operated  in  a  manner  consistent  with  the 
manufacturer's     recommendations.     In     this 


article  it  is  assumed  that  paver  operations  an; 
in  accord  with   such  recommendations. 

Key  to  Fast  Paver  Performance 

In  the  production  of  portland  cement  con- 
crete with  dual-drum  pavers,  a  short  pavei 
cycle  means  short  mixing  time  and  reduction 
of  the  time  available  in  which  to  perform  es- 
sential operations  at  the  paver.  When  the 
paver  cycle  is  extended  by  delays  a  longer 
mixing  time  inevitably  results,  thus  nulli- 
fying the  timesaving  advantages  of  operating 
with  a  short  cycle.  Most  delays  become  ap- 
parent at  the  paver  skip  and  it  is  here  that  one 
can  find  not  only  a  place  to  measure  quali- 
tatively the  contractor's  management  but  alsc 
the  clue  to  interdependence  of  mixing  time  and 
batch-truck  performance. 

The  key  to  fast  paver  performance  thus 
centers  around  the  ability  of  the  paver  oper- 
ator to  run  a  short  skip  cycle,  the  batch-truck 
driver  to  dump  his  batches  into  the  skip  or 
schedule,  and  to  a  lesser  degree  on  the  coordi- 

April  1960  •  PUBLIC   ROADS 


nation  among  these  and  other  operations  in 
front  of  and  behind  the  paver.  Delays  result- 
ing from  careless  or  sluggish  performance  by 
sither  the  paver  operator  or  the  batch-truck 
driver,  and  to  a  lesser  extent  by  others,  can 
affectively  stifle  the  orderly  flow  of  material, 
extend  the  paver  cycle,  and  disrupt  both  sup- 
oorting  and  dependent  operations. 

If  the  paver  operator  is  slow  in  lowering  the 
skip,  the  time  remaining  for  the  batch-truck 
iriver  to  dump  his  next  batch  in  the  skip 
nay  not  be  enough  to  prevent  a  delay  from 
occurring,  even  though  he  may  perform  his 
job  well.  If,  on  the  other  hand,  the  batch- 
ruck  driver  fails  to  keep  his  truck  close  to 
:he  skip  between  batches,  does  not  back  up 
promptly  when  the  skip  comes  down,  or  fails 
o  have  the  dump  bed  raised  or  at  least  started 
ip  before  backing  to  the  skip,  he  may  be  too 
slow  in  disposing  of  his  batch.  The  paver 
operator  will  then  be  delayed  in  raising  the 
skip  to  begin  a  new  cycle.  In  each  case  the 
javer  cycle  is  extended  by  the  delay,  and 
nixing  time  is  thereby  increased. 

Many  contractors  have  successfully  mas- 
ered  the  problems  of  getting  essential  coordi- 
mtion  and  performance  at  the  skip,  as  well  as 
ceeping  attendant  supply  lines  moving.  On 
me  markedly  successful  operation,  sustained 
production  by  the  paver  was  recorded  at  a  rate 
)f  98  batches  per  hour.  For  intermittent 
periods  lasting  up  to  2  hours,  a  110-batch 
ate  was  attained.  In  other  words,  a  batch  of 
lOncrete  was  discharged  by  the  paver  every 
id  seconds,  including  delay  time.  When  a 
mall  number  of  extended  delays,  due  to  lack 
)f  batch  trucks,  was  eliminated  from  the  tilli- 
ng, production  was  at  the  remarkable  rate  of 
me  batch  every  30  seconds.  Remember,  this 
ivas  an  average  for  extended  periods  and  in- 
cluded minor  delays.  When  no  delays  oc- 
jured,  individual  paver  cycles  were  being 
ompleted  in  24  seconds  or  even  less,  with  a 
nixing  time  of  about  27  seconds. 

The  operation  just  cited  may  seem  remark- 
ible,  but  it  indicates  what  can  and  is  being 
tone.  Figure  1  shows  the  performance  data 
or  47  dual-drum  pavers  on  which  production 
studies,  usually  of  2-4  weeks'  duration,  were 
made  by  the  Bureau  of  Public  Roads.  Note 
that  each  of  the  four  jobs  with  the  fastest  per- 
formance had  a  job  average  cycle  time,  in- 
sluding  minor  delays,  of  less  than  40  seconds. 
Tt  will  be  seen  that  on  many  other  jobs  batch- 
meter  settings  were  sufficiently  short  that  a 
jycle  time  of  less  than  40  seconds  could  have 
been  achieved  if  the  minor  delays  had  been 
reduced  or  eliminated. 

Relation  of  Mixing  Time  to  Paver 
Cycle 

The  design  of  the  dual-drum  paver  is  such 
that  two  batches  are  mixed  simultaneously 
during  a  portion  of  each  paver  cycle.  The 
mixing  time  that  can  be  obtained  with  any 
given  paver  cycle  is  expressed  by  the  formula: 

l:  Mixing  time  =  2X-D-  T-C+L 
Where : 

X  =  paver  cycle  time. 

D= discharge  chute  open  time  (typically  9 
seconds) . 


T=  transfer  chute  open  time  (typically  9 
seconds). 

C=  charging  lag  time,  from  close  of  transfer 
chute  when  skip  approaches  vertical 
until  all  solid  material  is  in  the  drum 
(job  averages  of  4  seconds  have  been 
attained  with  dry  aggregates). 

L  =  discharge  lag  time,  from  opening  of  dis- 
charge chute  until  concrete  appears 
(averages  1  second). 

Obviously,  any  increase  in  the  time  taken 
for  the  three  elements,  D,  T,  and  C,  will 
reduce  mixing  time  in  relation  to  the  paver 
cycle  time. 

As  an  example  of  use  of  the  formula,  with  a 
33-second  paver  cycle  and  the  indicated  values : 

Mixing  time=(2X33)-9-9— 4+1  =  45 

seconds. 

As  previously  noted,  performance  records 
have  shown  that  on  at  least  one  job  paver 
cycles  could  be  completed  regularly  in  30 
seconds  which,  according  to  the  formula,  pro- 
vided a  maximum  mixing  time  of  39  seconds. 
With  the  occasional  24-second  cycle  attained 
on  the  job,  the  mixing  time  was  27  seconds. 

Requirements  for  a  Fast  Paver  Cycle 

The  very  fast  paver-cycle  values  and  conse- 
quent mixing  times  just  cited  represent  actual 
performance  of  a  single,  rather  unusual  job. 
An  analysis  of  the  performance  requirements 
for  maintaining  a  short  paver  cycle,  based  on 
averages  obtained  on  a  number  of  fast-moving 
jobs,  demonstrates  what  is  fully  practical  of 
achievement. 
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During  the  paver  cycle  the  skip  must  be 
raised,  the  mixing  drum  charged,  the  skip  re- 
turned to  the  ground,  and  then  the  skip  re- 
loaded. This  skip  cycle  took  an  average  of  20 
seconds  on  all  jobs  studied  and  often  was 
accomplished  regularly  in  15  seconds,  but 
seldom  in  less.  The  difference  in  length  of 
time  between  the  skip  cycle  and  the  full  paver 
cycle  is  available  for  reloading  the  skip.  To 
do  this,  the  batch  truck  must  back  up  and 
cover  the  skip,  dump  its  batch,  and  pull  away. 
The  paver  operator  must  see  that  the  truck  is 
clear  before  starting  the  skip  up  to  begin  a 
new  paver  cycle. 

It  was  found,  in  the  Public  Roads  studies, 
that  batch  trucks  on  fast-moving  jobs  consist- 
ently backed  into  position  to  dump  into  the  skip 
in  2  or  3  seconds.  As  shown  in  figure  2,  it  was 
observed  on  a  very  fast  job  (curve  A)  that  the 
trucks  dumped  and  pulled  away  in  3  to  5 
seconds.  On  several  other  fast  jobs  (curve  B) 
up  to  85  percent  of  the  batches  were  dumped 
in  less  than  8  seconds.  It  should  be  noted, 
however,  that  such  performances  were  attained 
only  with  4-  and  5-batch  trucks.  The  best 
performance  with  2-batch  trucks  (curve  C) 
took  15  seconds  or  less  for  85  percent  of  the 
batches.  On  other  fast  jobs  the  2-batch  trucks 
took  20  seconds  or  less  for  85  percent  of  the 
batches  (curve  D). 

It  was  also  found  that  after  a  batch  truck 
cleared  the  skip,  the  paver  operator  took  about 
2  seconds  before  he  actually  started  the  new 
cycle. 

Combinations  of  these  figures  represent 
possible  paver  cycle  time,  from  which  mixing 
time  can  be  derived.    For  example,  really  fast 
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Figure  2. — Cumulative  frequency  distributions  of  average  time  to  dump  one  batch  into 

the  paver  skip  and  get  the  truck  out. 
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operation  would  include  3  seconds  for  backup, 
5  for  dumping,  2  for  operator's  reaction,  and 
15  for  the  skip  cycle,  totaling  25  seconds  for 
the  paver  cycle  and  producing  a  29-second 
mixing  time.  A  more  representative  fast  job 
using  4-batch  trucks,  with  8  seconds  for  dump- 
ing and  17  for  the  skip  cycle,  would  have  a 
30-second  paver  cycle  and  a  39-second  mixing 
time. 

With  2-batch  trucks  the  fastest  dumping  was 
15  seconds  which,  with  the  15-second  skip  c\  cle 
time,  gives  a  35-second  paver  cycle  and  a  49- 
second  mixing  time.  More  representative  of 
typically  fast  operation  with  2-batch  trucks  is 
an  18-second  dumping  time  and  a  17-second 
skip  cycle,  producing  a  40-second  paver  cycle 
and  a  59-second  mixing  time. 

Long  Cycles,  Long  Delays 

Two  methods  have  been  used  in  this  arti- 
cle in  arriving  at  a  minimum  paver  cycle 
time  and  the  resulting  mixing  time.  In  the 
first,  data  recorded  on  one  very  fast  opera- 
tion revealed  that  a  paver  ran  for  a  2-hour 
period  with  an  average  paver  cycle  of  30  sec- 
onds (excluding  time  lost  in  a  few  extended 
delays),  permitting  a  mixing  time  of  39  sec- 
onds. Mixing  time  was  further  reduced  to 
27  seconds  for  individual  batches. 

In  the  second  approach,  paver  cycle  time 
and  mixing  time  were  derived  from  perform- 
ance data  obtained  from  a  number  of  well- 
operated  jobs.  A  30-second  cycle  was  found 
to  be  entirely  practicable  and  a  25-second 
cycle  was  attainable,  with  4-batch  trucks. 
These  cycles  produced  mixing  times  of  39 
and  29  seconds,  respectively.  However,  no 
allowance  was  made  for  delays  in  the 
calculations. 

In  considering  this  problem  of  delays,  it 
was  generally  found  that  more  time  per  batch 
was  lost  through  delays  by  pavers  with  a 
long  paver  cycle  than  was  lost  by  those  with 
a  short  paver  cycle. 

This  paradoxical  fact  is  evident  in  figure  3. 
Curve  A  in  the  figure  represents  the  average 
paver  cycle  time  of  each  of  the  47  jobs  stud- 
ied, including  minor  delays,  while  curve  B 
represents  paver  cycle  time  excluding  delays, 
averaged  in  groups  of  five  jobs.  Curve  C, 
the  difference  between  the  values  of  A  and 
B,  represents  the  delay  time  per  cycle.  It 
will  be  noted  that  the  longer  the  paver  cycle 
time,  the  greater  was  the  amount  of  delay, 
and  that  conversely  the  jobs  with  the  fastest 
cycles  had  the  smallest  amount  of  delay. 

The  most  logical  explanation  for  this  seem- 
ingly paradoxical  trend  is  that  as  the  permis- 
sible production  potential  increased  with 
shorter  paver  cycles,  management  became 
more  alert  and  responsive  to  the  needs  and 
possibilities  for  reducing  or  eliminating  delays. 

Cost  Factors 

It  is  an  inescapable  fact  that  delays  increase 
With  equal  assurance  it  can  be  said 
that  mixing  time  requirements  influence  costs. 
The  cost  of  operating  a  paver  outfit  tends  to 
be  fixed  and  is  almost  independent,  within 
reasonable  limits,  of  the  rate  of  production. 
Labor  and  equipment  costs  amount  to  about 


Figure  3. — Comparison  of  average  paver 
cycle  times,  including  and  excluding 
delay  time,  for  47  dual-drum  pavers. 

$350  per  hour,  on  the  average.  When  pro- 
duction is  50  batches  per  hour,  then,  the  cost 
is  $7  per  batch.  However,  if  production  goes 
up  to  70  batches  per  hour,  which  is  entirely 
practicable,  with  good  batch-truck  perform- 
ance, the  unit  cost  drops  to  $5  per  batch. 
Thus,  with  such  production  improvement,  the 
cost  reduction  per  batch  is  $2.  This  amount 
is  a,  function  of  the  percentage  increase  or 
decrease  in  production  and  the  per-batch  dif- 
ference will  diminish  as  additional  batches 
are  added  to  the  hourly  production  rate. 
Thus,  an  increase  of  40  batches  per  hour, 
from  50  to  90,  results  in  a  unit  cost  of  $3.90 
per  batch,  and  a  reduction  in  cost  of  $3.10 
per  batch.  In  other  words,  the  first  increase 
of  20  batches  is  worth  $2  per  batch,  but  in 
the  increase  of  40  batches  the  second  20  are 
only  worth  $1.10  per  batch. 

Data  presented  in  figure  3  also  show  that 
hourly  production  rates,  including  time  lost 
in  minor  delays  (those  of  less  than  15  minutes 
each),  go  down  from  a  high  of  about  92  batches 
to  a  low  of  35  per  hour  as  average  paver  cycle 
time  is  increased. 

Using  data  from  which  figure  3  was  derived, 
for  only  those  pavers  which  had  50-  and 
120-second  mixing  time  specifications  in  force, 
the  production  rates  averaged  85  and  40 
batches  per  hour,  respectively.  However, 
these  rates  were  reduced  to  75  and  34,  respec- 
tively, when  the  time  basis  includes  certain 
major  delays  (those  in  excess  of  15  minutes 
each)  which  occurred  while  a  full  labor  force 
was  employed  on  these  jobs.  Using  a  fixed 
cost  of  $350  per  hour,  the  cost  differential 
between  75  and  34  batches  per  hour  becomes 
$5.63  per  batch. 

Effect  of  overload  on  cost 

With  a  fairly  common  overload  of  10  per- 
cent, resulting  in  a  37.4-cubic-foot  batch,  the 


cost  differential  becomes  $4.06  per  cubic  yard 
of  concrete.  Further  adjustment  is  desirable, 
under  certain  circumstances,  to  account  for 
the  variation  in  batch  sizes  used  for  different 
mixing  times.  In  instances  where  50-second 
mixing  time  is  used  a  20-percent  overload  is 
usually  allowed.  This  will  yield  a  40.8- 
cubic-foot  batch.  Thus,  the  difference  in 
production  cost  becomes  $4.34  per  cubic  yard 
when  comparing  40.8-cubic-foot  batches  at  a 
rate  of  75  batches  per  hour  with  37.4-cubic- 
foot  batches  at  a  rate  of  34  batches  per  hour. 

Effect  of  increased  production  on  cost 

It  may  be  reasonably  assumed  that  hourly 
production  costs  are  somewhat  less  when  pro- 
ducing 34  batches  per  hour  than  when  pro- 
ducing 75.  The  effect  of  this  consideration  is 
to  reduce  the  cost  differential.  It  could  be 
assumed,  for  example,  that  the  $350  per  hour 
cost  used  is  for  a  rate  intermediate  between 
75  and  34  batches  per  hour,  and  that  the  cost 
would  be  10  percent  less  for  the  34-batch  rate 
and  10  percent  more  for  the  75-batch  rate. 
The  differential  in  production  cost  between 
the  two  rates,  then,  instead  of  being  $4.06  per 
cubic  yard,  would  drop  to  $2.98  for  37.4-cubic- 
foot  batches. 

It  would  be  impractical  to  obtain  specific 
cost  data  for  every  possible  rate  of  output 
and,  in  fact,  since  a  number  of  assumptions 
must  be  made,  it  would  be  pointless  for  the 
purpose  here  intended.  The  unit  costs  de- 
veloped above,  while  based  on  some  factual 
information  and  reasonable  assumptions,  are 
admittedly  hypothetical.  However,  the  meth- 
od does  establish  a  means  for  computing 
production  cost  differentials  due  to  variations 
in  mixing  time  specifications. 

Data  from  Federal-aid  records 

Another  source  of  information  on  this  sub- 
ject is  the  data  compiled  from  bid  prices  per 
cubic  yard  and  specified  mixing  times  forj 
Portland  cement  concrete  placed  on  Federal- 
aid  projects. 

The  fairly  uniform  relation  of  the  two  is 
shown  (for  the  year  1957,  the  latest  available) 
in  figure  4.  It  will  be  noted  that  from  a  low. 
bid  price  of  $15.75  per  cubic  yard  for  50- 
second  specified  mixing  time  there  is  a  gradual 
increase  of  both  price  and  mixing  time  up  to 
$23.15  for  120-second  mixing — a  difference 
from  low  to  high,  of  $7.40  per  cubic  yard. 
The  difference  is  more  apparent  than  real 
however.  If  it  actually  is  a  true  indication 
of  the  differential  resulting  from  the  range  in 
mixing  time,  then  it  also  means  that  the  labor 
and  equipment  cost  of  running  a  paver  outfit 
exceeds  $700  per  hour.  Such  an  hourly  cost 
is  unlikely,  if  not  impossible,  and  cannot  be 
accepted  at  face  value  as  representing  an 
average. 

A  more  plausible  explanation  of  the  $7.40 
differential  appears  to  be  that  part  of  it  could 
be  charged  to  the  mixing  time  differences  and 
that  the  balance  represents  costs  generated  by 
regional  differences  in  design  practices,  hauling 
distances,  and  variations  in  labor  produc- 
tivity, wage  rates,  climatic  conditions,  and 
materials  costs.  The  last  mentioned,  in 
particular,  influence  bid  prices  but  not  pavei 
production  costs.     It  is  perhaps  not  without 
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PLACED  USING  EACH   SPECIFIED  MIXING  TIME 


2*A 


*-Y 


21.0% 

/ 


5.1% 


ST 


wV 


AVERAGE  OF  85,  90,  AND    ■ 
"100  SECOND  MIXING  TIME 


60  65  70  75  90.1 

SPECIFIED  MIXING  TIME-SECONDS 


Figure    4. — Distribution   of  bid  price  per  cubic  yard  of  concrete  production 
according  to  specified  mixing  times  on  Federal-aid  projects  in  1957. 


significance  that  most  States  specifying  longer 
mixing  times  are  in  the  Northeast,  whereas 
those  using  shorter  mixing  times  are  in  the 
South  and  Southwest  where  year-round  work 
is  possible. 

Calculation  of  Potential  Savings 

The  basic  objective  of  this  article  is  to  de- 
velop quantitatively  the  potential  savings 
which  might  result  from  reduction  in  mixing 
time.  It  is  believed  that  the  fixed  cost  of 
$350  per  hour  for  labor  and  equipment,  dis- 
cussed earlier,  offers  the  most  plausible  start- 
ing point.  To  allow  for  variance  in  production 
in  relation  to  mixing  time,  the  previously 
discussed  assumptions  were  used:  Production 
of  34  batches  per  hour  with  a  120-second 
mixing  time  would  cost  10  percent  less  than 
the  $350  base;  production  of  75  batches  per 
hour  with  a  50-second  mixing  time  would  cost 
10  percent  more.     Intermediate  values  were 


taken  from  a  straight-line  projection  through 
these  points. 

With  these  premises,  the  production  costs 
per  cubic  yard  of  concrete  were  calculated  for 
a  series  of  mixing  times.  These  are  shown  in 
the  first  two  columns  of  table  1.  It  was  then 
a  simple  matter  to  derive  the  approximate 
production  cost  reductions  that  are  possible 
by  decreases  in  mixing  times,  shown  in  the 
remainder  of  table  1. 

It  should  be  remembered  that  the  mixing 
times  shown  in  table  1  include  transfer  time. 
For  comparisons  writh  data  in  the  article  on 
page  1,  which  exclude  transfer  time,  about 
10  seconds  should  be  subtracted  from  mixing 
times  used  in  table  1.  As  pointed  out  in  the 
article  on  page  1,  mixing  time  of  40  seconds 
produced  concrete  with  very  little  strength 
loss  as  compared  with  60-second  mixing;  and 
30-second  mixing  time  resulted  in  a  strength 
loss  of  5  or  6  percent.     In  terms  of  table  1, 


Table  1. — Production  cost  '   per  cubic   yard   of  concrete    according   to  mixing   time,  and 
theoretically   possible   cost    reduction   resulting   from    decreases   in   mixing   time 


Produc- 

Cost reduction  per  cubic  yard  possible  by  decreasing 

:>ase  mixing  time  to— 

Base  mix- 
ins  time 

tion  cost 
pe."  cubic 

(seconds) 

yard 

90 

75 

70 

65 

60 

50 

45 

40 

35 

seconds 

seconds 

seconds 

seconds 

seconds 

seconds 

seconds 

seconds 

seconds 

120 

$6.69 

$1.  85 

$2.36 

$2.  51 

$2.64 

$2.77 

$2. 98 

$3.08 

$3.17 

$3.25 

90 

4.84 

0.51 

0.66 

0.79 

0.92 

1.13 

1.23 

1.32 

1.40 

75 

4.33 

0.15 

0.28 

0.41 

0.62 

0.72 

0.81 

0.89 

70 

4.18 

0.13 

0.26 

0.47 

0.57 

0.66 

0.74 

05 

4  or, 

0.13 

0.34 

n    H 

0.53 

0.61 

60 

3.92 

0.21 

0.31 

0.40 

0.48 

50 

3.71 

0.10 

0.19 

0.27 

45 

3.61 

0.09 

0.17 

40 

3.52 

0.08 

1  Calculated  production  costs  for  labor  and  equipment.    Materials  not  included. 
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these    values    would    be    50-    and    40-second 
mixing  times,  compared  to  a  70-second  base. 

Admittedly,  it  is  a  bold  step  to  apply  the 
theoretical  calculations  in  table  1  to  an  entire 
highway  program,  but  by  so  doing  the  point 
can  be  driven  home.  The  distribution  of 
concrete  production  according  to  specified 
mixing  time  on  Federal-aid  projects  (in  1957) 
is  shown  in  figure  4.  It  is  worth  noting, 
incidentally,  that  the  weighted  average  of  all 
mixing  times  was  70  seconds.  In  the  Federal- 
aid  Interstate  and  primary  highway  programs, 
18  million  cubic  yards  of  pavement  concrete 
were  laid  in  1958,  and  20  million  would  seem 
a  conservative  figure  to  use  now. 

Working  from  these  bases,  the  theoretical 
annual  savings  in  the  Federal-aid  Interstate 
and  primary  programs  that  would  result  from 
reductions  in  mixing  time  can  be  computed. 
In  the  first  place,  if  only  all  higher  than  70- 
second  mixing  times  were  reduced  just  to  the 
70-second  level,  the  resultant  annual  savings 
would  total  about  $4}£  million;  reduction  of 
all  higher  mixing  times  to  60  seconds  would 
save  nearly  $7U  million.  If  all  mixing  times 
higher  than  50  seconds  were  brought  down 
to  the  50-second  level,  which  would  result  in 
very  little  concrete  strength  loss,  the  total 
annual  savings  would  be  over  $11  million. 
Similarly,  for  reduction  of  all  higher  mixing 
times  to  a  40-second  mixing  time,  which  would 
result  in  a  strength  loss  of  5  or  6  percent,  the 
savings  would  total  $15  million.  It  will  be 
noted  that  the  reductions  of  higher  mixing 
times  by  10-second  intervals  produced  in- 
creasing increments  of  savings.  Further  re- 
ductions in  mixing  time,  however,  would 
bring  diminishing  returns  in  savings.  Such 
further  reductions  might  also  bring  unaccept- 
able reductions  in  concrete  strength. 

There  is  no  question  that  the  assumptions 
used  here  are  speculative,  although  they  are 
based  on  foundations  of  fact  and  considered 
judgment.  There  is  also  no  question  that  a 
considerable  proportion  of  the  contracting 
industry  is  capable  of  converting  into  in- 
creased production  the  time  that  would  be 
saved  by  shorter  specified  mixing  times  than 
are  now  prevalent.  The  rate  of  production  is 
to  a  large  extent  governed  by  the  performance 
of  the  paver  operator  and  the  batch-truck 
driver.  Four-batch  trucks,  able  to  maneuver 
quickly  and  safely  with  fully  loaded  beds  in 
hoisted  position,  are  essential  for  shorter  paver 
cycles,  and  they  are  coming  into  common 
use.  It  can  be  said  that  the  industry  is  ready 
for  shorter  paver  cycles,  and  resulting  shorter 
mixing  times  of  50  seconds  or  less.  It  is 
encouraging  to  note  that  some  States  have 
recently  reduced  their  specified  mixing  times, 
and  others  are  now  contemplating  such 
changes. 
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Travel  time  and  fuel  savings  are  two  of  the  benefits  that  accrue  to  highway 
users  through  highway  improvement.  Timesavings  result  whenever  highway 
improvements  reduce  travel  distance,  permit  higher  speeds,  or  reduce  the 
frequency  of  speed  changes.  Fuel  savings  are  effected  when  improvements 
reduce  travel  distance,  mitigate  any  of  the  resistances  encountered  by  moving 
vehicles,    or  reduce  the  frequency  of  stop -and- go  and  slowdown  operations. 

During  1959  a  study  of  passenger  cars  and  single-unit  trucks  was  conducted 
to  determine  the  effect  of  variation  of  highway  surface  type  and  operating 
speeds  on  fuel  consumption,  and  the  effect  of  the  elimination  of  both  a  stop- 
and-go  and  a  slotvdown  operation  on  fuel  and  lime  consumption  at  various 
operating  speeds.  The  study  also  included  determination  of  the  fuel  consumed 
while  vehicles  tvere  stopped  with  engine  idling.  Graphic  anil  tabular  material 
developed  from  the  study  and  presented  in  this  article  will  serve  in  estimating 
time  and  fuel  benefits  accruing  through  highway  improvements. 


BECAUSE  there  was  a  lack  of  complete 
data  on  the  variation  in  time  and  fuel 
consumption  for  all  vehicle  types  and  weights, 
needed  for  use  in  highway-user  benefit 
studies,  the  Bureau  of  Public  Roads  urn  I'  i- 
took  a  study  in  1959  to  determine  the  effects 
of  highway  surface  conditions  and  traffic 
operations  on  passenger  cars  and  single-unit 
trucks.  The  results  of  that  study,  arranged 
for  practical  use,  are  presented  in  this  article. 
Some  of  the  more  general  findings,  which 
will  also  be  of  interest,  are  reported  in  the 
following  paragraphs. 

General  Findings 

Much  of  the  savings  in  time  and  fuel  en- 
joyed by  users  as  a  result  of  highway  improve- 
ment arises  because  of  increased  vehicle 
speeds,  smoother  riding,  and  reduction  of  the 
frequency  of  stop-and-go  and  slowdown 
operations.  On  paved  surfaces  the  rate  of 
fuel  consumption  of  passenger  cars  and  single- 
unit  trucks  (fig.  1)  was  found  to  vary  in- 
versely with  speed  for  the  slower  speeds, 
with  the  optimum  at  25-35  miles  per  hour, 
varying  according  to  vehicle  type  and  gross 
weight.  At  higher  speeds  the  rate  of  fuel 
consumption  increased.  On  gravel  surfaces 
the  relation  between  rate  of  fuel  consumption 
and  speed  (fig.  2)  was  similar,  except  that  the 
lowest  rate  of  fuel  consumption  was  at 
20-25  miles  per  hour. 

The  effect  of  upgrading  from  gravel  to 
conciete  on  the  rate  of  fuel  consumption 
(fig.    3)    increased    with    vehicle    speed.      At 

i  This  article  was  presented  at  the  39th  Annual  Meeting 
of  the  Highway  Research  Board,  Washington,  D.C.,  Janu- 
ary 1960.  Dr.  Claffey  Is  an  Associate  Professor  of  Civil 
Engineering,  Catholic  University. 
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speeds  of  15  miles  per  hour  the  increase  in 
fuel  consumption  for  the  gravel  surface  was 
less  than  7  percent,  but  at  45  miles  per  hour 
it  was  over  20  percent  for  passeDger  cars  and 
pickup  trucks  and  over  30  percent  for  single- 
unit  trucks  with  gross  weights  of  10,000 
pounds  or  more. 

Both  the  additional  time  and  fuel  con- 
sumption for  stop-and-go  operations  (figs. 
4  and  5)  increased  uniformly  with  speed. 
At  any  speed  the  excess  time  consumption 
varied  directly  with  weight-horsepower  ratio. 
The  additional  fuel  consumption  varied 
with  gross  weight  for  single-unit  trucks. 
The  passenger  car  used  in  the  study  con- 
sumed more  fuel  than  the  heavier  pickup 
truck  at  all  speeds,  probably  because  it  was 
equipped  with  an  automatic  transmission 
while  the  pickup  truck  had  a  manual  trans- 
mission. 

The  time  consumption  for  a  slowdown  of 
10  miles  per  hour  (figs.  6  and  7)  varied  in- 
versely with  vehicle  speed.  The  additional 
fuel  consumption  of  passenger  cars  for  slow- 
downs varied  directly  with  speed  for  speeds 
up  to  50  miles  per  hour,  while  for  single-unit 
trucks  it  increased  with  speed  up  to  speeds  of 
35-50  miles  per  hour  but  decreased  somewhat 
at  higher  speeds. 

Time  and  Fuel  Savings 

A  major  objective  of  highway-user  benefit 
studies  is  the  evaluation  of  advantages  accru- 
ing to  users  as  a  result  of  highway  improve- 
ments. Two  of  the  more  important  of  these 
advantages  are  reduced  fuel  consumption  and 
reduced  travel  time.  The  relation  between 
motor  vehicles  and  the  roads  they  travel  is  so 
close  that  even  small  changes  in  the  charac- 
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teristics  of  the  road  are  reflected  in  the  amount 
of  time  and  fuel  needed  for  highway  trips. 
Minimum  values  of  travel  time  and  motor-fuel 
consumption  are  possible  only  when  the  road- 
way is  ideally  suited  for  the  vehicle  and  to 
the  traffic  volumes  in  which  the  vehicle 
operates. 

The  ideal  highway  for  such  purposes  would 
be  straight  and  level,  have  a  smooth  surface, 
and  be  so  designed  that  the  movements  of  each 
vehicle  would  be  completely  unaffected  by  the 
presence  of  other  vehicles.  Although  in  prac- 
tice no  highway  would  be  built  to  such  im- 
probable standards,  all  improvements  are 
directed  toward  making  highways  less  remote 
from  this  ideal.  The  improvement  of  a  high- 
way enables  highway-users  to  complete  their 
trips  in  less  time  and  frequently  with  less  fuel 
consumption.  Highway-user  benefit  analyses, 
if  they  are  to  be  complete  and  accurate,  must 
include  consideration  of  these  savings. 

Travel  time  savings  are  brought  about 
through  changes  in  highway  facilities  which 
reduce  three  elements:  travel  distance,  the 
number  of  speed  changes,  and  the  time  lost 
at  traffic  signs  and  signals.  Time  savings  are 
also  brought  about  by  improvements  which 
permit  vehicles  to  be  operated  safely  at  higher 
speeds.  Every  mile  of  travel  distance  elimi- 
nated from  the  highway-user's  trips  saves 
time.  Elimination  of  speed  changes,  such  as 
stops  and  slowdowns,  saves  the  time  con- 
sumed while  decelerating  and  accelerating. 
Nominal  highway  speed 

Nominul  highway  speed  is  defined  as  the 
modal  operating  speed  of  all  vehicles  of  a 
given  class  while  moving  on  sections  of  a 
highway  where  they  are  not  slowed  or  stopped 
by  highway  impedances  such  as  traffic  signs 
and  signals,  sharp  curves,  etc.  Highway 
changes  which  rmprove  sight  distance  or  add 
to  highway  capacity  generally  result  in  in- 
creased nominal  highway  speeds.  On  any 
road  carrying  a  traffic  volume  equal  to  or 
greater  than  its  practical  capacity,  the  nom- 
inal highway  speeds  of  vehicles  will  be  in- 
creased by  providing  greater  capacity  through 
lane  widening  or  additional  lanes. 

The  nominal  highway  speed  for  vehicles 
having  high  weight-horsepower  ratios  will  be 
increased  mainly  through  reduction  of  grades. 
Reduction  of  resistance  factors 

All  improvements  which  lessen  travel  dis- 
tance  and   the   resistances   to   movement   at 
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onstant  speed,  plus  those  which  reduce  speed 
lianges,  result  in  motor-fuel  savings,  as  do 
nprovements  which  decrease  resistance  to 
ehicular  movement  and  reduce  the  energy 
equirements  needed  for  operation. 

A  reduction  in  resistance  to  movement  and 
he  corresponding  reduction  in  fuel  use  at  any 
liven  speed  results  through  improvement 
,-hich  effect  reduction  of  surface  roughness, 
eduction  of  rate  of  rise  and  fall,  and  reduc- 
ion  of  curvature.  These  improvements,  how- 
ver,  frequently  permit  higher  operating 
peeds  which,  because  of  greater  air  and  roll- 
ng  resistances  at  higher  speeds,  result  in  an 
increased  rate  of  fuel  consumption. 

The  frequencies  of  stop-and-go  and  slow- 
!own  time  losses  are  reduced  through  the 
irovision  of  grade  separations  and  access 
ontrol  to  reduce  the  number  of  access  points 
iid  through  construction  of  additional  lanes 
o  relieve  congestion.  In  addition,  the  fre- 
uency  of  slowdown  operations  is  reduced 
,'hen  curves  sharp  enough  to  require  vehicles 
o  reduce  speed  are  removed  through  aline- 
nent  changes. 

Savings  Used  in  Benefit  Studies 

The  saving  in  either  fuel  or  time  consump- 
ion  due  to  any  one  type  of  highway  improve- 
uent  is  the  difference  between  the  amount 
onsumed  if  the  improvement  were  made, 
md  the  amount  if  the  improvement  were  not 
nade.  Where  two  or  more  types  of  improve- 
nent  are  made  at  the  same  location  at  the 
ame  time,  the  savings  for  each  can  be  com- 
mted  by  assuming  that  the  other  improve- 
nent  is  already  completed.  For  example,  if  a 
lighway  reconstruction  project  involving 
'>oth  upgrading  of  surface  and  reduction  of 
ise  and  fall  is  considered,  the  saving  in  fuel 
■onsumption  for  operation  on  the  improved 
urface  rather  than  on  the  old  surface  for  the 
lew  rate  of  rise  and  fall  will  be  the  same 
egardless  of  the  changed  rate  of  rise  and  fall; 
md  the  saving  due  to  reduction  of  rise  and 
all  on  the  improved  surface  is  unchanged  by 
he  fact  that  the  surface  had  been  improved. 

The  difference  in  fuel  saving  for  the  condi- 
ions  before  and  after  an  improvement  is  a 
rue  measure  of  fuel  benefit  even  when  the 
>articular  improvement  makes  possible  higher 
>perating  speeds  which  usually  increase  fuel 
sonsumption.  An  example  is  surface  improve- 
nent.  When  a  gravel  road  is  improved  with 
i  high-type  surface,  the  nominal  highway 
speed  will  increase.  The  fuel  saving  thai 
lighway-users  will  realize  through  surface 
mprovement  is  the  difference  between  the 
uel  consumption  on  the  old  surface  at  the 
lominal  highway  speed  for  the  old  road 
Defore  improvement,  and  the  fuel  consumption 
it  the  same  speed  on  the  improved  surface. 
The  fact  that  users  elect  to  travel  faster  on 
he  improved  road  with  a  corresponding 
ncrease  in  the  rate  of  fuel  consumed  does 
lot  nullify  the  saving  in  fuel  use,  at  the  lower 
speed,  made  possible  by  the  improvement. 
Any  increase  in  fuel  consumption  due  to  the 
aigher  operating  speed  should  be  considered 
separately  and  included  in  benefit  studies 
is  a  negative  fuel  benefit. 
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The  analysis  of  user  benefits  for  any  high- 
way improvement  project  can  be  made  most 
satisfactorily  by  computing  separately  the 
savings  for  each  type  of  improvement  involved 
and  then  totaling  them.  Care  must  be 
exercised  when  summing  the  savings  that  the 
same  saving  is  not  counted  twice.  For  ex- 
ample, where  a  two-lane  gravel  road  is  recon- 
structed as  a  four-lane  divided  highway  with 
high-type  pavement,  both  upgrading  the 
surface  and  increasing  the  number  of  lanes 
permit  higher  operating  speeds  with  the 
consequent  reduction  of  time  consumption, 
but  the  time  saving  for  the  higher  speed  can 
be  included  only  once. 

Required  data 

P  For  the  computation  of  time  and  fuel 
savings  resulting  from  a  planned  improve- 
ment, certain  data  are  required.  First,  the 
average  gross  operating  weight  of  each  class 
of  vehicle  and  the  number  of  vehicles  within 
each  class  expected  to  use  the  route  can  be 
obtained  by  traffic  studies  and  loadometer 
studies.  Second,  the  information  on  planned 
physical  changes  of  the  road  can  be  obtained 
from  investigation  of  the  site  and  by  study 
of  the  improvement  plans. 

A  third  requirement,  the  effect  each  type 
of  improvement  has  on  speeds,  frequency  of 
speed  changes,  and  the  length  of  stops  or 
delays,  can  be  obtained  partially  from  re- 
ported studies  (/)2  and  from  investigation 
of  the  traffic  operations  at  the  improvement 
site. 

The  fourth  requirement,  determination  of 
the  reduction  of  resistances  to  movement  at 
constant  speeds,  can  be  made  from  published 
graphs  illustrating  fuel  consumption  as  affected 
by  rate  of  rise  and  fall  for  vehicles  weighing 
10,000  pounds  or  more  {2)  and  for  passenger 
cars  (3).  These  data  are  limited  to  only 
certain  vehicle  classes  and  gross  operating 
weights,  however,  and  are  not  sufficiently 
comprehensive  for  a  general  benefit  analysis. 

Test  Vehicles  and  Procedures 

The  time  and  fuel  consumption  study  under- 
taken by  the  Bureau  of  Public  Roads  in  1959 
involved  three  vehicles— a  passenger  car,  a 
pickup  truck,  and  a  2-axle,  6-tire,  dump  truck. 
These  three  classes  of  vehicles  accounted  for 
over  98  percent  of  the  vehicle-miles  traveled  in 
1956  by  all  highway  vehicles  other  than  buses 
and  the  larger  commercial  vehicle  combina- 
tions.3 Such  vehicles  were  being  studied  at 
the  same  time  and  for  the  same  purpose  by 
the  University  of  Washington,  with  financial 
assistance  from  the  Bureau  of  Public  Roads 

U). 

Data  for  the  passenger  car  were  obtained  for 
a  single  loading  condition,  while  data  for  the 
trucks  were  obtained  for  various  weight 
loads — enough  to  cover  the  lower  range  of 
gross  vehicle  weights  for  single-unit  trucks. 
The  passenger-car  load  consisted  of  two 
persons,   the   driver   and   an   observer.     The 


Table  1. — Data  for  vehicles  used  in  the  test 
operations  • 


Gross 

Engine 

power 

Cross- 

Type  of  vehicle 

vehicle 
weight 

sec- 
tional 

(pound 

Net 

R.p.m. 

area2 

hp. 

(sq.  ft.) 

Passenger  car._ 

3,850 

123 

4,200 

33 

Pickup  truck: 

No  load 

3, 860 

120 

4,000 

38 

Full  load 

5,340 

120 

\. i 

38 

Dump  truck: 

No  load 

10,200 

89 

2,800 

54 

Half  load 

15,300 

89 

2,800 

54 

1  All  vehicles  were  2-axle,  6-cylinder  vehicles.  The  pas- 
senger car  had  an  automatic  transmission;  the  trucks  were 
equipped  with  manual  transmissions. 

2  Frontal  area  of  vehicle,  derived  by  multiplying  overall 
height  by  overall  width. 


pickup  truck  was  operated  with  no  load  except 
Id]-  the  driver  and  observer,  and  with  a  load 
approximately  equal  to  full  load  capacity. 
The  dump  truck  was  operated  with  no  load  and 
with  one-half  full  load. 

The  passenger  car  was  a  6-cylinder  1957 
standard  4-door  sedan  with  a  3-speed  auto- 
matic transmission.  At  the  time  of  the  tests 
it  had  been  in  service  for  2  years,  during  which 
time  it  had  traveled  a  distance  of  30,000  miles. 
The  weight  and  additional  pertinent  informa- 
tion for  the  three  vehicles  are  given  in  table  1. 

The  pickup  truck  used  was  a  6-cylinder, 
manual  shift  1959  model  with  a  GVW  (gross 
vehicle  weight)  of  4,900  pounds.  The  6- 
cylinder,  1950  medium-type  dump  truck  had 
been  in  service  for  50,000  miles.  Both 
trucks  were  checked  on  a  dynamometer  prior 
to  the  tests  and  the  efficiency  of  combustion 
measured  with  an  exhaust  analyzer  at  a  wide 
range  of  loads.  At  the  time  of  the  tests  t  he 
vehicles  were  operating  at  near  optimum 
efficiency. 

Test  run  procedures 

Data  on  the  time  and  fuel  consumption  of 
these  vehicles  were  obtained  from  a  series  of 
test  runs  made  over  a  nearly  straight  section 
of  Virginia  route  350  south  of  Washington, 
D.C.  This  is  a  divided  highway  with  four  12- 
foot  lanes  of  portland  cement  concrete,  with 
well-built  shoulders  of  firmly  compacted  gravel 
10  feet  wide.  The  test  runs  were  made  be- 
tween   two   fixed    end    points    set    8,000   feet 
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2  Italic  numbers  in  parentheses  refer   to  the  references 
on  p.  21. 

3  Traffic  and   Travel   Trends,  1956,    by  T.  B.  Dimmlck. 
Public  Roads,  vol.  19,  No.  11,  Dec.  1957. 


Figure  1. — Fuel-consumption  rates  at  con- 
stant speed  on  a  level,  straight,  concrete 
surface. 
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Figure  2. — Fuel-consumption  rates  at  con- 
stant speed  on  a  level,  straight,  gravel 
surface. 
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(1.515  miles)  apart.  These  points  were  at 
nearly  the  same  elevation  and  the  rate  of  rise 
and  fall  between  them  was  less  than  0.2  foot 
per  100  feet. 

The  following  types  of  test  runs  were  made 
between  end  points  of  the  test  section: 
Constant  speed  runs  on  the  paved  surface  at 
indicated  speeds  of  15,  25,  35,  45,  and  55 
miles  per  hour;  constant  speed  runs  on  the 
gravel  shoulder  at  the  same  speeds;  stop-and- 
go  runs  on  the  paved  surface  at  indicated 
operating  speeds  the  same  as  for  the  constant 
speed  runs;  and  slowdown  runs  (10  mile  per 
hour  speed  reduction  only)  on  the  paved 
surface  at  the  same  operating  speeds.  Three 
runs  of  each  type  were  made  for  each  vehicle 
and  load  in  each  direction  at  each  of  the  given 
speeds.  The  idling  fuel  consumption  was 
obtained  for  each  vehicle  at  engine  speeds  of 
450,  550,  650,  and  750  revolutions  per  minute. 

The  runs  were  made  by  driving  the  vehicle 
over  the  test  section,  measuring  the  amount  of 
travel  time  and  fuel  consumed  between  end 
points  and  recording  the  direction  of  travel, 
time  of  day,  fuel  temperature,  and  run  speed 

.036 


as  indicated  on  the  vehicle  speedometer.  Fd 
the  constant  speed  runs  no  other  data  well 
taken.  On  the  stop-and-go  and  slowdo^J 
runs  the  vehicle  was  brought  to  a  stop  or  tl2 
speed  reduced  by  10  miles  per  hour  ar;| 
immediately  accelerated  back  to  schedule,! 
speed,  as  many  times  as  possible,  passing  botj 
end  markers  at  run  speed.  Additional  dau 
recorded  for  these  runs  were  the  time  duriri 
which  acceleration  took  place  after  each  sto 
or  slowdown,  the  number  of  stops  and  slon 
downs,  and  the  number  of  gear  changes  fcl 
each  acceleration.  The  rates  of  speed  changi 
used  for  both  the  stop-and-go  and  slowdow 
operations  during  deceleration  and  accelers 
tion  were  those  of  the  typical  driver  und( 
ordinary  conditions  (5). 

Recording  the  date  and  time  made  it  poss' 
ble  to  determine  wind  direction  and  velocit 
at  the  time  of  each  run  by  reference  to  win 
data  collected  by  the  U.S.  Weather  Bureau  t 
a  nearby  station. 

The  first  step  in  the  analysis  of  the  field  dat 
was  to  compute  the  true  speed  of  each  test  rui 
The  indicated  run  speeds,  read  on  the  speec 
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Figure  3. — Savings  in  fuel  consumption  at  constant  speeds  effected 
by  improvement  from  a  gravel  surface  to  a  concrete  surface. 
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Figure  4. — Excess  fuel  consumed  by  a  vehicle  coming  to  a  stop  aw 
then  returning  immediately   to  former  speed. 
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meter,  were  recognizedly  inaccurate  but  were 
sed  during  the  test  because  it  was  easier  for 
tie  driver  to  maintain  a  given  speed  consist- 
atly  if  he  had  a  definite  speed  to  attain  rather 
ban  attempting  to  hold  the  speedometer  nee- 

Ile  at  such  a  point  on  the  dial  that  the  run 
Deed  would  be  the  true  speed.  The  true 
peed  was  computed  from  the  known  run  dis- 
ance  and  the  run  time  recorded  for  the  con- 
tant  speed  runs. 

Fuel  consumption  was  measured  directly 
nd  accurately  by  noting  the  amount  of  fuel 
irawn  out  of  the  reservoir  of  a  burette  type 
.lelmeter.  Since  the  volume  of  fuel  measured 
aried  with  the  temperature,  all  fuel  readings 
rere  corrected  to  30°  C.  (86°  F.)— the  average 
uel  temperature  during  the  period  of  the  tests. 


Application  of  Test  Results 


Corrected  fuel-consumption  values  in  gallons 
ler  mile  were  computed  for  each  constant 
peed  run  on  both  the  paved  and  gravel  sur- 
laces.  Curves  drawn  from  the  averages  of 
Ihese  values  for  each  run  speed  for  each  vehi- 
le  type  and  weight,  plotted  against  true  speed, 
re  shown  in  figures  1  and  2. 

The  curves  in  figures  1  and  2  may  be  used  to 
■stimate  the  change  in  rate  of  fuel  consump- 
ion  in  gallons  per  mile  which  will  result  when 
lominal  highway  speeds  are  increased  through 
lighway  improvement  on  roads  carrying 
raffic  volumes  somewhat  less  than  their  ca- 
pacity volume.  Since  nominal  highway  speed 
p  the  average  operating  speed  between  points 
,vliere  vehicles  are  slowed  or  stopped  by  high- 
way   impedances,    the    application    of    these 


curves  is  not  restricted  by  the  effect  of  such 
highway  impedances. 

In  the  case  of  highway  improvements  where 
more  lanes  are  to  be  added  to  provide  greater 
capacity,  when  capacity  before  improvement  is 
less  than  the  30th  hour  volume,  figures  1  and 
2  may  be  used  to  estimate  the  fuel  consump- 
tion after  improvement  when  vehicle  speeds 
are  relatively  uniform.  However,  the  lower 
speeds  before  improvement  are  largely  due  to 
congestion  and  include  frequent  decelerations 
and  accelerations.  The  rate  of  fuel  consump- 
tion before  improvement  may  be  estimated 
by  adding  to  the  values  found  in  figures  1  and  2 
the  amount  of  additional  fuel  consumed  by 
slowdowns.  The  average  number  of  slow- 
downs may  be  determined  by  making  suitable 
speed-delay  studies  over  the  route  before  im- 
provement, and  the  additional  fuel  consump- 
tion due  to  a  slowdown  may  be  estimated  by 
using  the  curves  in  figure  6  (p.  20). 

The  curves  presented  in  figure  3  show  the 
fuel  savings  in  gallons  per  mile  effected  by  im- 
provement from  a  gravel  surface  to  a  paved 
surface.  The  ordinates  of  these  curves  equal 
the  difference  between  the  fuel  consumption 
for  operation  on  a  paved  surface  and  operation 
on  a  gravel  surface  at  the  same  speeds. 

In  using  figure  3,  the  saving  due  to  surface 
improvement  should  be  read  from  the  curves 
for  the  nominal  highway  speed  of  the  gravel- 
surfaced  road  before  improvement.  A  reduc- 
tion in  road  roughness,  of  course,  will  permit 
higher  speeds  and  most  users  take  advantage 
of  this  even  though  higher  speeds  increase  fuel 
consumption  for  speeds  above  approximately 
35  miles  per  hour.     It  is  at  the  discretion  of 
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1   Figure  5. — Excess  time  consiirned  by  a  vehicle  coming  to  a  stop  and  then  returning 

immediately  to  former  speed. 
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the  highway  user  whether  he  operates  on  the 
improved  surface  at  the  same  speed  as  on  the 
rougher  surface  and  saves  on  fuel  use,  or 
operates  at  a  higher  speed  and  pays  for  the 
higher  speed  (and  thus  time  saving)  through 
increased  fuel  consumption.  In  either  case 
the  saving  is  made  available  to  the  user.  The 
nominal  highway  speed  of  modern  vehicles  on 
a  gravel  or  loose  surfaced  road  is  between  30 
and  35  miles  per  hour;  for  any  particular  road 
under  study  it  should  be  obtained  by  making 
a  spot  speed  study. 

Slop-and-go  opera  I  ion  s 

The  additional  fuel  consumed  for  a  stop- 
and-go  operation  was  found  by  dividing  the 
number  of  stop-and-go  operations  made  on 
each  run  into  the  difference  between  the 
amount  of  fuel  used  for  the  stop-and-go  run 
and  the  average  amount  of  fuel  used  for  the 
constant  speed  runs  on  the  paved  surface  at 
the  same  run  speed.  This  difference  was  the 
additional  amount  of  fuel  used  by  a  vehicle  to 
come  to  a  stop  and  accelerate  back  to  the 
constant  speed.  The  fuel  consumption  curves 
for  stop-and-go  operations  at  various  speeds 
are  presented  in  figure  4. 

A  similar  procedure  was  used  to  compute 
the  additional  time  consumption  for  a  stop- 
and-go  operation.  Figure  5  shows  curves  of 
excess  stop-and-go  time  consumption  as  a 
function  of  true  speed.  The  time  and  fuel 
consumption  shown  in  figures  4  and  5  do  not 
include  the  time  or  fuel  consumed  while  a 
vehicle  is  stopped,  but  only  the  additional 
consumption  for  the  actual  stop-and-go 
maneuver. 

Engine  idling  consumption  rates 

The  idling  fuel-consumption  rates  of  the 
test  vehicles  are  presented  in  table  2.  The 
dataxshown  were  obtained  with  the  vehicle 
stationary  and  the  engine  warm.  For  the 
trucks,  the  rates  were  obtained  in  forward 
gear  with  the  clutch  disengaged.  The  rate  for 
the  passenger  car  equipped  witli  an  automatic 
transmission  was  measured  with  the  trans- 
mission in  neutral  position  and  also  in  drive 
position  with  the  brakes  set.  Idling  fuel- 
consumption  values  are  given  for  four  different 
engine  speeds — the  average  of  these  being 
recommended  for  use  in  benefit  studies. 

Figures  4  and  5  and  table  2  are  particularly 
useful  for  estimating  the  savings  which  will 
result  if  an  intersection  controlled  by  traffic 
signals  or  stop  signs  is  eliminated  through 
construction  of  a  grade  separation  structure. 

Table  2. — Fuel  consumption  rates  for  idling 
vehicle 


Engine 
revolutions 
per  minute 

Fuel  consumption  in  gallons  per  minute 

Passenger  car 

Pick- 
up 

truck 

Dump 

truck 

Trans- 
in  is- 
sion  in 
neutral 

Trans- 
mis- 
sion in 

drive 

Aver- 
age 

450 

0.  005 

i 

"HI, 

.007 
.006 

0.  005 
.008 
009 

Mil 

.009 

0.  005 

001 

.007 

.  010 

.007 

O.OOfi 
.007 

.  007 

0.009 
.010 
.011 
.1)13 

.011 

550 

050         

750 

\  vet  age- 
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Slowdown  operations 

The  additional  fuel  and  time  consumption 
curves  for  a  slowdown  of  10  miles  per  hour 
with  immediate  resumption  of  speed,  at  vari- 
ous speeds,  are  shown  in  figures  6  and  7. 
Periods  of  operation  at  reduced  speed  are 
excluded.  The  procedures  used  for  computing 
these  values  due  to  slowdowns  were  similar  to 
those  used  for  computing  the  fuel  and  time 
consumption  of  stop-and-go  operations. 

The  applicability  of  the  curves  in  figures  6 
and  7  is  limited  to  improvements  that  elimi- 
nate highway  impedances  which  cause  vehicles 
to  reduce  speed  by  about  10  miles  per  hour. 
This  limitation  is  not  serious,  however,  since 
most  slowdowns  of  importance  in  highway- 
user  benefit  studies  are  about  10  miles  per 
hour.  Preliminary  analysis  of  data  taken  from 
extensive  speed-delay  studies  made  in  1958-59 
with  a  passenger  car  showed  that  speed  reduc- 
tions of  up  to  3  miles  per  hour  were  a  normal 
part  of  uniform  driving  and  were  not  elimi- 
nated through  highway  improvements,  and 
that  the  average  of  the  speed  reductions  in 
excess  of  3  miles  per  hour  was  about  10  miles 
per  hour.  In  addition,  it  was  recently  estab- 
lished that  the  average  speed  reduction  of 
motortrucks  when  slowed  by  highway  or 
traffic  impedances  is  11.4  miles  per  hour  (6). 

The  curves  in  figures  6  and  7  may  be  used 
to  estimate  savings  in  fuel  and  time  consump- 
tion through  the  elimination  of  a  variety  of 
speed  reduction  factors.  In  the  case  of  a 
curve  elimination,  test  runs  should  be  made 
before  improvement  to  determine  the  average 
amount  of  slowdown  caused  by  the  curve. 
Where  crossroads  or  driveway  entrances  are 
to  be  eliminated,  test  runs  should  be  made  to 
establish  the  average  percentage  of  driveways 
at  which  through  vehicles  are  forced  to  reduce 
speeds  because  of  other  vehicles  entering  or 
leaving,  and  the  average  value  of  such  speed 
slowdowns. 

If  the  average  speed  reductions  found  for 
curves  and  driveway  entrances  are  between  8 
and  12  miles  per  hour,  figures  6  and  7  may  be 
used  to  compute  fuel  and  time  savings.  If 
the  average  speed  reduction  is  more  or  less 
than  8  to  12  miles  per  hour,  the  fuel  and  time 
savings  may  be  estimated  by  assuming  that 
the  magnitude  of  these  savings  is  proportionate 
to  the  magnitude  of  the  speed  change. 

Practical  Illustrations 

Two  examples  will  illustrate  how  figures  1-7 
and  table  2  may  be  used  to  compute  the  fuel 
and  travel-time  savings  arising  from  particular 
improvements. 

Example  A. — On  a  10-mile  length  of  2-lane 
road  24  feet  wide,  the  existing  gravel  surface 
is  to  be  replaced  by  a  concrete  pavement. 
Average  annual  daily  traffic  on  the  route  is 
4,000  vehicles  per  day;  80  percent  of  the 
vehicles  are  passenger  cars  and  20  percent  are 
2-axle,  single-unit  trucks  having  an  average 
gross  vehicle  weight  of  10,000  pounds.  The 
nominal  highway  speed  on  the  route  before 
improvement  was  found  to  be  35  miles  per 
hour  for  all  vehicles.  It  is  expected  that  this 
will  be  increased  to  45  miles  per  hour  after 
improvement.     Compute  the  average  annual 
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Figure  6. — Excess  fuel  consumed  by  a  vehicle  reducing  speed  by  10  miles  per  hour  and 
then  returning  immediately  to  former  speed. 
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Figure  7. — Excess  time  consumed  by  a  vehicle  reducing  speed  by  10  miles  per  hour  and 
then  returning  immediately  to  former  speed. 
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lei  savings  which  may  bo  attributed  to  this 
lprovement. 

Solution.- — Annual  number  of  vehicles  using 
ie  route: 

^ssenger  cars 4, 000X305X80%  =  1, 168,000 

•ucks 4,000X365X20%=     292,000 

From  figure  3,  fuel  savings  due  to  surface 
nprovement  at  nominal  speed  of  35  miles 
pr  hour  are  0.010  gal.  per  vehicle-mile  for 
kssenger  cars  and  0.021  gal.  for  trucks, 
rom  figure  1,  the  increases  in  fuel  consump- 
pn  due  to  speed  increase  from  35  to  45 
.p.h.  are  0.003  gal.  per  vehicle-mile  for 
assenger  cars  and  0.004  gal.  for  trucks. 

Annual  fuel  savings  for  the  10-mile  im- 
•oveinent: 

Issengercars....  1, 108, 000X10X(0. 010-0. 003)=81,  760  gal. 
[•ucks 292, 000X10X(0. 021-0. 004)=49,  640  gal. 

The  total  annual  fuel  savings  thus  amount 
i  131,400  gallons.  At  30  cents  per  gallon, 
lis  represents  an  annual  savings  of  $39,400. 
Example  B. — A  grade-separation  structure 
planned  at  the  interesection  of  a  4-lan.e 
ivided  parkway  and  a  2-lane  crossroad  where 
affic  signals  now  control  vehicle  movements. 
he  average  annual  daily  traffic  volumes  on 
ie  4-lane  and  2-lane  routes  are  20,000  and 
bOO  vehicles  per  day,  respectively.  All 
Chicles  on  the  parkway  are  passenger  cars; 
J  percent  of  those  on  the  crossroad  are  pas- 
jnger  cars  and  20  percent  are  2-axle,  single- 
ait  trucks  having  an  average  gross  weight  of 
),000  pounds.  The  nominal  highway  speed 
l  the  parkway  is  45  miles  per  hour  and  on 
Le  crossroad,  30  miles  per  hour.  Turning 
ovements  at  this  intersection  are  so  few  in 
imber  that  they  may  be  neglected.  It  was 
itermined  from  a  study  of  traffic  movements 
lat  on  both  routes  traffic  signals  caused  25 
prcent  of  the  vehicles  to  stop,  with  an  aver- 
se time  loss  while  idling  per  stop  per  vehicle 
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of  20  seconds  or  0.33  minute.  Compute  the 
annual  fuel  and  time  savings  which  will  result 
from  this  improvement. 

Solution. — Annual  number  of  vehicles 
stopped  on  the  parkway  at  the  intersection: 
Passengei  cars 20,000X365X25%=1,825,000 

Annual  number  of  vehicles  stopped  on  the 
crossroad  at  the  intersection: 

Passengei  cars 4,000X80%X365X25%=292,000 

Trucks 4, 000X201;  X365X25%  =  73, 000 

From  figure  4,  unit  fuel  savings  per  stop- 
and-go  for  passenger  cars  are  0.015  gal.  at 
nominal  speed  of  45  m.p.h.  and  0.009  gal.  at 
30  m.p.h.;  for  trucks,  0.017  gal.  at  30  m.p.h. 
From  figure  5,  unit  time  savings  per  stop- 
and-go  for  passenger  cars  are  0.21  min.  at 
nominal  speed  of  45  m.p.h.  and  0.14  min.  at 
30  m.p.h.;  for  trucks,  0.23  min.  at  30  m.p.h. 
From  table  2,  fuel  consumption  while  idling 
for  passenger  cars  is  0.007  gal.  per  min.;  for 
trucks,  0.011  gal.  per  min. 

Annual  fuel  savings  for  passenger  cars  on 
the  parkway: 

Stop-and-go 1,825,000X0.015=27,375  gal 

Idling 1,825,000X0.33X0.007=  4,216gal. 

Annual  fuel  savings  for  passenger  cars  on 
the  crossroad: 

Stop-and-go. 292, 000X0. 009=2, 628  gal. 

Idling 292,000X0.33X0.007=     674  gal. 

Annual  fuel  savings  for  trucks  on  the 
crossroad: 

Stop-and-go 73,000X0.017  =  1,241  gal. 

Idling 73,000X0.33X0.011=     265  gal. 

The  total  annual  fuel  savings  thus  amount 
to  36,399  gallons.  At  30  cents  per  gallon, 
this  represents  an  annual  savings  of  $10,900. 

Annual  time  savings  for  passenger  cars  on 
the  parkway: 

Stop-and-go. 1,825,000X0.21=383,250  min. 

Idling 1,825,000X0.33=602,250  mint 

Annual  time  savings  for  passenger  cars  on 
the  crossroad: 


Stop-and-go 292,000X0. 14=40,880  min. 

Idling 292,000X0.  33  =  90,360  min. 

Annual  time  savings  for  trucks  on  the 
crossroad: 

Stop-and-go 73,000X0.  23  =  16,  790  min. 

Idling 73, 000X0. 33=24, 090  min. 

The  total  annual  time  savings  thus  amount 
to  1,163,620  minutes.  Taking,  for  the  sake  of 
example,  a  value  of  V/%  cents  per  minute, 
annual  time  savings  are  worth  $17,400.  Thus 
the  total  annual  fuel  and  time  savings  occa- 
sioned by  construction  of  the  grade-separation 
structure  can  be  valued  at  $28,300. 
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Fuel  and  Time  Consumption  Rates 


for  Trucks  in  Freight  Service 


BY  THE  DIVISION  OF  TRAFFIC  OPERATIONS 
BUREAU  OF  PUBLIC  ROADS 


Reported  >  by  MALCOLM   F.   KENT, 
Transportation  Economist 


The  number  of  times  a  truck  must  change 
its  speed  in  a  mile  of  travel  increases  with 
the  density  of  traffic,  according  to  an 
analysis  of  data  derived  from  studies  con- 
ducted in  1957  and  1958  of  rural  and  urban- 
travel  in  five  States — data  necessary  in  the 
analysis  of  highway-user  benefits. 

Using  a  congestion  index,  which  indicates 
that  speed  changes  per  mile  increase  uni- 
formly ivith  average  daily  traffic  for  differ- 
ent types  of  highway,  together  with  the 
rates  of  fuel  and  travel  time  consume<l 
during  a  change  in  vehicle  speed,  the 
added  cost  of  operating  at  nonuniform 
speed  could  be  assessed. 

This  article  also  shows  that,  for  the  gross 
vehicle  tveights  observed,  smaller  and  less 
powerful  engines  give  better  fuel  economy, 
but  their  use  carries  a  penalty  of  increased 
time-consumption  (lou-er  road  speeds)  at 
the  higher  gross  vehicle  weights.  Trucks 
with  diesel  engines  ivere  found  to  travel 
about  50  percent  more  miles  on  a  gallon  of 
fuel  than  trucks  with  gasoline  engines  of 
approximately  equivalent  power  and  gross 
weigh t  characteristi<s. 

ONE  of  the  greatest  voids  in  the  data  avail- 
able for  the  analysis  of  highway-user 
benefits  accruing  through  the  improvement  of 
highway  facilities  has  been  reliable  fuel-  and 
and  time-consumption  rates  of  commercial 
motor  vehicles  operating  in  actual  service. 
To  help  fill  this  void  the  Bureau  of  Public 
Roads  developed  a  program  for  obtaining  this 
information.  Ohio  State  University,  the  Uni- 
versities of  Michigan  and  Washington,  and  a 
transportation  consultant  from  the  University 
of  Maryland  were  engaged  to  measure  fuel 
consumption  and  overall  travel  time  of  selected 
trucks  in  rural  and  urban  line-haul  service 
and  in  city  pickup  and  delivery  service,  under 
traffic  conditions  ranging  from  restricted  to 
free  flowing.  This  study  group  obtained  the 
cooperation  of  private,  government-owned, 
and  for-hire  highway  freight  carriers.  Three 
of  the  studies  were  conducted  simultaneously 
during  the  summer  of  1957,  and  one  during 
the  summer  of  1958. 

A  principal  concern  of  highway  planners  of 
a  few  decades  ago  was  the  surfacing  of  dirt 
roads.     Today,    a    principal    concern    is    the 

1  This  article  was  presented  at  the  39th  annual  meeting  of 
the  Highway  Research  Board,  \\  ashington,  D.C.,  January 
1960. 
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elimination  of  frictional  factors  that  impede 
the  free  flow  of  traffic  on  paved  roads.  Elim- 
inating stops  occasioned  by  stop  signs  and 
traffic  lights,  the  widening  of  pavements  or 
the  adding  of  more  lanes,  the  designing  of 
highways  with  easier  grades  and  curves,  and 
the  upgrading  of  other  features  that  cause 
reduction  in  normal  driving  speeds,  are  factors 
that  are  now  of  primary  importance. 

In  addition  to  improving  the  safety  and 
efficiency  of  traffic  flow,  such  improvements 
result  in  direct  benefits  to  road  users.  Savings 
in  motor  fuel  and  time  costs  are  two  of  the 
principal  benefits  that  result,  and  they  are 
directly  affected  by  the  elimination  of  fric- 
tional factors  that  impede  the  free  flow  of 
traffic.  The  over-all  purpose  of  the  studies 
described  in  this  report  was  to  provide  data 
on  fuel  consumption  and  travel  time  for  various 
vehicle  types  and  traffic  conditions,  which 
could  be  used  in  the  economic  analyses  of 
road-user  benefits. 

Summary  of  Findings 

Major  findings  of  the  studies  are  summarized 
in  the  following  paragraphs. 

1.  The  fuel  consumption  in  gallons  per  mile 
of  motor  trucks  operating  in  rural  and  urban 
line-haul  service  increased  with  the  power  of 
t  he  engine  for  equivalent  gross  vehicle  weights. 

2.  Operating  over  identical  rural  line-haul 
routes,  diesel-powered  trucks  were  found  to 
travel  about  50  percent  more  miles  on  a  gallon 
of  fuel  than  gasoline-powered  trucks  of 
approximately  equivalent  power  and  gross 
vehicle  weight.  In  terms  of  fuel  consumption, 
this  means  that  diesel-powered  trucks  con- 
sumed about  66  percent  of  the  gallonage  used 
by  gasoline-powered  trucks. 

3.  The  consumption  of  gasoline  per  mile 
by  trucks  was  25  to  30  percent,  higher  in 
urban  areas  than  in  rural  areas. 

4.  The  average  truck  speeds,  including  all 
stops  and  slowdowns,  were  found  to  be  37 
miles  per  hour  in  rural  line-haul  operation, 
19  miles  per  hour  in  urban  line-haul  operation, 
and  11  miles  per  hour  in  city  pickup  and 
delivery.  For  free-flowing  traffic,  the  com- 
parative speed  for  trucks  in  rural  line-haul 
operation  was  40  miles  per  hour. 

5.  The  usefulness  of  speed  changes  per  mile 
as  a  congestion  index  was  demonstrated  by 
proving  that  speed  changes  per  mile  increased 
uniformly  with  average  daily  traffic  for  differ- 


ent types  of  highways.  Knowing  the  nuinbe 
of  speed  changes  saved,  the  proportion  of  stop 
and  slowdowns,  and  the  magnitude  of  each 
it  is  possible  to  use  this  index  to  compute  th 
added  cost  of  fuel  and  time  caused  by  spee* 
changes,  when  the  extra  fuel  and  tim 
consumed  during  a  speed  change  is  known. 

6.  The  stops  on  rural  highways,  made  fron 
the  average  truck  speed,  represented  11  per 
cent  of  all  deviations  from  desired  speeds 
whereas  the  stops  on  urban  streets  represente' 
45  percent  of  all  deviations  from  desire- 
speeds. 

7.  The  average  number  of  speed  change 
per  mile  was  found  to  be  1.66  for  rural  line 
haul,  4.97  for  urban  line-haul,  and  6.91  foj 
city  pickup  and  delivery  operations. 

Definition  of  Terms 

To  avoid  misinterpretation  of  the  result! 
certain  terms  used  in  this  article  are  definec 

Fuel  consumption. — Gallons  of  gasoline  c 
diesel  fuel  consumed  per  mile  of  highwa 
travel.  The  conversion  from  gallons  per  mi! 
to  miles  per  gallon  can  easily  be  made  sine 
one  is  the  reciprocal  of  the  other. 

Travel  time. — Minutes  required  to  travi 
1  mile.  Minutes  per  mile  can  be  converte 
to  miles  per  hour  by  dividing  60  by  tl 
minutes  per  mile. 

Stop. — Bringing     a     motor     vehicle     to 
complete  stop. 

Slowdown. — A  reduction  in  speed  of  a  mote 
vehicle  of  more  than  3  miles  per  hour  withot 
coining  to  a  stop. 

Speed  change. — All  motor  vehicle  accelei 
tions    and    decelerations    effecting    a    spe€ 
change  of  more  than  3  miles  per  hour,  includit 
both  stops  and  slowdowns. 

Average  gross  vehicle  weight. — The  averaj 
of  the  individual  gross  vehicle  weights 
several  vehicles,  all  falling  within  the  san 
class  interval  of  gross  vehicle  weight. 

Engine  cubic-inch  displacement. — The  c 
sectional  area  of  a  cylinder  multiplied  bj> 
length    of    piston    stroke,    which    gives 
cylinder     displacement;     multiplied     by 
number  of  cylinders. 

Net  horsepower. — The  brake  horsepower  i 
the  engine,  operating  with  all  its  norm 
accessories,  that  is  available  at  the  clutch  ( 
its  equivalent.  It  is  the  gross  horsepowi 
minus  the  horsepower  absorbed  by  fa: 
compressor,  generator,  etc.     For  all  practic 
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Table  1. — Route  termini,  route  numbers,  distanees,  and  rates  of  rise 
and  fall  of  rural  highways  traveled  by  observed  line-haul  trucks 


Termini 

Numbered  routes 

Mileage ' 

Rate  of 

rise  and 

fall  2 

From 

To 

Washington,  D.C.. 
Do 

Baltimore,  Md 

Richmond,  Va 

Cleveland,  Ohio 

Parkersburg,  W.  Va... 
Wheeling,  W.  Va  . 

Lansing,  Mich 

Toledo,  Ohio... 

Md.  193,  U.S.  1. 
Va.  350,  U.S.  1... 
Ohio  3,  61,  U.S.  42 
U.S.  33,  50 

32.6 

95.5 
128.4 
108.8 
119.9 

80.5 
55.4 
151.7 
95.5 

75.5 

74.7 
80.7 
18.5 
120.7 
53.9 

53.1 
161.2 

23.9 
139.1 

1.58 

1.42 

1.41 

.63 

1.70 

.59 
.  16 
.48 
1.25 
1.28 

1.09 

1.09 
1.87 
.95 
1.24 

1.29 
.93 
1 .  59 
1.35 

Columbus,  Ohio... 
Do 

Do 

1     S     III 

Detroit,  Mich 

Do 

U.S.  16 

U.S.  25 

Do 

Three  Rivers,  Mich... 
Aberdeen,  Wash... 
Bellingham,  Wash... 

Centralia,  Wash.. 
Chehalis,  Wash... 
Everett,  Wash... 
Longview,  Wash... 
Mt.  Vernon,  Wash  . 

Olympia,  Wash 

Portland,  Oreg 

Taeoma,  Wash... 
Yakima,  Wash... 

U.S.  112, 12,  Mich. 60. 
U.S.  99,410.. 

Seattle,  Wash 

Do. 

Do.. 

U.S.  99.. 

U.S.  99 

Do 

Do 

U.S.  99... 

U.S.  99 

Do 

U.S.  99,  830 

Do 

Do 

U.S.  99 

U.S.  99... 
U.S.  99 

Do 

Do 

1     S    !«l 

Do. 

U.S.  10,  97 

Table     2. — Characteristics     of    commercial 
motor  vehicles  made  available  for  study 


1  Between  municipal  boundaries  of  terminal  cities. 
;  In  feet  per  100  feet  of  distance. 


rposes,  net  horsepower  is  assumed  to  be  90 
spent  of  the  gross  horsepower. 
Total  rise  and  fall.- — The  arithmetic  sum  of 
e  vertical  rise  and  fall  in  feet  for  any  section 

highway.     The    rise    in    one    direction    of 
ivel   will   become    the   fall   in   the   opposite 
rection.     The  total  rise  and  fall  is  the  same 
gardless  of  the  direction  of  travel. 
\Rate  of  rise  and  fall. — The  total  rise  and  fall 

any  section  of  highway  in  feet  divided  by 
e  length  of  section  in  hundreds  of  feet.  It 
not  to  be  confused  with  the  percent  of  grade. 

is  equivalent  to  the  average  percent  of 
kde  only  when  either  the  rise  or  fall  is  100 
(rcent  of  the  total  rise  and  fall. 

Description  of  Test  Routes 

The  four  studies  were  conducted  in  the 
neral  areas  of  Maryland-District  of  Colum- 
b Virginia,  Ohio,  Michigan,  and  Washington, 
le  line-haul  (intercity)  routes  with  their 
gins,  destinations,  route  numbers,  mileages, 
Id  rates  of  rise  and  fall  are  shown  in  table  1. 
^e  urban  extensions  of  the  line-haul  routes 

Cleveland  and  Columbus,  Ohio,  Detroit, 
ich.,  Baltimore,  Md.,  Washington,  D.C., 
attle,  Wash.,  and  some  smaller  munici- 
lities  were  studied  separately  from  rural 
e-haul  operation.  These  generally  followed 
3  numbered  routes  until  diversion  was 
pessary  to  reach  the  trucking  terminal   or 

very  warehouse 
City  pickup  and  delivery  service  was 
idied  in  Detroit,  Columbus,  Seattle,  and 
ashington,  D.C.  All  such  operations  were 
irregular  routes  except  for  the  postal 
livery  service  trucks  which  followed  the 
ne  routes  each  day  to  the  various  substations 

Columbus.  The  types  of  service  varied 
>m  large  tractor-truck  semitrailer  combi- 
tions  delivering  grocery  products  from 
rehouses  to  retail  stores  and  motor  fuel 
m  wholesale  storage  tanks  to  retail  filling 
ftions,  to  panel  and  van-type  trucks  engaged 

package    or   linen    delivery   service.     Rise 

d  fall  rates  were  estimated  for  Columbus, 

ftroit,  and  Washington,   D.C,  at  approxi- 

I,  iitely  0.5  foot  per  100  feet.     Rates  of  rise 

(i  fall  for  routes  were  recorded  for  Seattle, 
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and  ranged  from  1.9  to  2.:i  feet  per  100  feet. 
However,  the  variations  in  rates  of  rise  and 
fall  among  routes  were  not  of  sufficient 
magnitude  to  cause  significant  changes  in 
fuel  and  time  consumption. 

Description  of  Test  Vehicles 

The  gasoline-  and  diesel-powered  tractor- 
1  ruck  semitrailer  combinations,  made  available 
by  commercial  carriers  for  line-haul  observa- 
tion, are  described  in  table  2  according  to  type, 
engine  displacement,  and  net  brake  horse- 
power. City  pickup  and  delivery  gasoline- 
powered  vehicles,  consisting  of  panel  and 
other  single-unit  trucks  and  tractor-truck 
semitrailer  van  and  tank  combinations,  are 
similarly  described  in  table  2. 

Where  the  size   and   weight   restrictions  of 

the  particular  State  permitted,  three  vehicles 

were  observed   in  each   State   within   each   of 

the  following  weight  groups: 

Rural  and  urban  City  pickup  and 

line-haul  (pounds)  delivery  (pounds) 

20,000-29,999  5,000-  9,999 

30,000-39,999  10,000-19,999 

40,000-49,999  20,000-29,999 

50,000-59,999  Over  30,000 

60,000-69,999 

Test  Procedures 

After  receiving  permission  from  fleet  owners 
to  use  their  vehicles  for  test  purposes,  in  the 
course  of  their  normal  runs,  a  fuel  meter  was 
placed  in  the  cab  of  each  gasoline-powered 
truck  and  connected  to  the  fuel  lines  of  the 
engine  between  the  tank  and  the  carburetor. 
The  fuel  meter  could  be  read  by  a  person 
sitting  next  to  the  driver.  The  fuel  tank  was 
filled  at  the  start  of  each  trip  and  was  filled 
again  at  the  end  of  the  trip;  any  fuel  added 
enroute  was,  of  course,  recorded.  This  overall 
record  of  fuel  consumption  was  used  to  check 
the  accuracy  of  the  meters. 

Diesel-engine  trucks,  in  which  excess  fuel 
is  recirculated  from  the  engine  to  the  fuel  tank, 
required  a  different  type  of  meter  installation. 
To  circumvent  the  multimetering  of  the  same 
fuel,  a  small-volume,  constant-level  tank  was 


Number  of 
vehicles 


Line-haul, 

gasoline: 


1 . 

3-S2-2 

3 

van. 
3-S2  van 

1 

2-S2  van 

12  .  .... 

2-S1  van 

8 

3-S1  van 

4    

3-S2  van 

2 

3-S2  van 

3. 

2-S2  van 

1 

1 

3-S2  van 

4          

3-S2  van 

Line-haul, 
dicsel: 
5 

3-S2  van 

City  pickup 
and  de- 
livery, 
gasoline: 
2.. 

2  panel 

..  do 

1 

1        

..  do 

1 

2  van 

5 

..  do 

5.     

..  do 

1 _ 

..  do 

l~~. 

3      ..... 

...do 

..-do 

.  do 

2 

-  do 

1         

2 

1 

2 

..do 

..do 

do 

2-Sl  van 

2 

..  do 

3 

1 

2 

do  

2-S2  van.. 
...do 

1 

2 

do  

2-S2  tank. 

Number 
of  axles 

and  body 
types  i 


Engine 
cu.  in. 
dis- 
place- 
ment 


302 

331 
377 
386 
406 

450 
461 
501 
531 
549 
590 


743 


214 
223 
235 
220 
228 

248 
260 
261 
263 
271 

272 
282 
320 
386 
372 

386 

40fl 
383 
450 
505 
464 


Net 

brake 

h.p.  of 

engine  2 


172 

128 
126 
130 
156 

146 
197 
165 

178 
230 
225 


200 


73 
126 
123 
89 
90 

115 
90 
135 
105 
114 

167 
103 
103 
163 
139 

145 
175 
150 
150 
175 
170 


Engine 
r.p.m. 


3,600 

.■(,'.'(10 
2,  801) 
2,800 
2,750 

2,600 
3,200 
2,800 
2,880 
3,200 
2,800 


2,  HKI 


3,200 
4,000 
4,  000 
2,800 
3, 000 

3,  ii  ii  i 
2,500 

1,1100 

3,  400 

2,800 

4,40(1 
3,  200 
3,  000 

3,1 

3,  200 

3,000 

:;.  200 
2,  sun 
2,  800 
2,800 
2,800 


1  Each  digit  indicates  the  number  of  axles  of  a  vehicle  or 
of  a  unit  of  a  vehicle  combination.  A  single  digit,  or  the 
first  digit  of  a  group  symbol,  represents  a  single-unit  truck 
or,  if  followed  by  an  S,  represents  a  truck-tractor.  The  S 
designation  represents  a  semitrailer.  A  digit,  without  an  S 
preceding  it,  in  the  second  or  third  position  of  a  group  symbol 
represents  a  full  trailer. 

2  Average  140  horsepower  for  engine  sizes  302-406  cu.  in., 
average  rjl  horsepower  for  sizes  450-549. 

installed  in  the  fuel  line  between  the  engine 
and  the  main  fuel  supply  tank.  The  engine 
fuel  pump  drew  only  from  this  feed  tank,  to 
which  all  excess  recirculated  fuel  was  returned. 
Fuel  consumed  by  the  engine  was  drawn  from 
the  feed  tank,  and  a  constant  level  was  main- 
tained in  the  feed  tank  through  a  float 
arrangement  and  an  auxiliary  fuel  pump 
supplying  additional  fuel  from  the  main 
supply  tank  through  a  fuel  meter  unit.  In 
this  manner,  the  fuel  meter  recorded  only  the 
actual  quantity  of  fuel  consumed  by  the 
engine. 

Before  the  beginning  of  the  test  runs  each 
route  to  be  observed  was  inventoried  to  locate 
control  points  with  relation  to  major  changes 
in  traffic  flow  and  to  record  mileage  between 
control  points,  rise  and  fall  (through  use  of 
an  aneroid  barometer),  number  of  traffic  signs 
and  signals,  and  number  of  lanes,  before  the 
start  of  each  run,  the  observer  recorded  the 
vehicle  chassis  model  and  year,  unladen 
weight,  payload  weight,  and  gross  vehicle 
weight,  engine  model  size  and  cubic  inches  of 
cylinder  displacement,  and  reported  net  brake 
horsepower.  The  weather  and  condition  of 
the  road  were  also  recorded. 

The  observer,  riding  in  the  cab,  recorded 
on  each  run  the  following  information  as  he 
passed  the  control  points:  time  of  day  (hour 
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and  minute),  fuel  meter  reading  (hundredths 
of  a  gallon),  and  odometer  reading  (tenths  of 
a  mile).  The  magnitude  of  each  speed  change 
of  plus  or  minus  3  miles  per  hour  or  more 
within  each  section  was  recorded  during  the 
trip.  Tiips  were  made  at  all  hours  of  the 
day  and  night,  with  no  change  from  normal 
operations  being  made  on  account  of  the 
study.  Drivers  were  not  to  change  their 
normal  driving  habits,  and  drove  at  speeds 
representative  of  other  traffic. 

Analysis  Procedures 

When  the  fieldwork  had  been  completed, 
the  first  step  in  the  analysis  procedure  was 
to  list  the  consumption  of  fuel,  travel  time, 
and  mileages  traveled  on  each  section  for  each 
trip,  segregating  rural  from  urban  data. 
Speed  changes  were  similarly  listed  for  each 
section  and  trip,  with  stops  being  shown  sep- 
arately   from    slowdowns    in    the    Ohio    and 


\\  i-liington  data.  Gallons  per  mile,  minutes 
per  mile,  and  speed  changes  per  mile  were 
computed  separately  for  line-haul  rural  trips, 
for  line-haul  urban  trips,  and  for  city  pickup 
and  delivery  trips. 

Rate  of  rise  and  fall 

Rise  and  fall  was  considered  a  variable  with 
nspect  to  fuel  consumption  rates  and  travel 
time.  No  significant  variations  were  found, 
however,  in  either  parameter  for  the  rather 
narrow  range  of  rates  of  rise  and  fall  studied. 
As  shown  in  table  1,  rates  of  rise  and  fall  for 
the  rural  highways  studied  ranged  from  0.16 
for  the  route  between  Detroit  and  Toledo,  to 
1.87  for  the  route  between  Seattle  and  Event  t . 
Of  the  total  mileage  studied,  40.6  percent  had 
a  rate  of  rise  and  fall  below  1.0,  47.7  percent 
had  rates  from  1.0  to  1.5,  and  11.7  percent 
had  rates  from  1.51  to  1.87.  The  average 
rate  of  rise  and  fall  for  all  rural  sections  studied 
was  1.22.     The  results  reported  for  this  study 


Table  3. — Number  of  trips  and  total  miles  observed  for  gasoline- 
and  diesel-powered  motor  vehicles,  classified  by  gross  vehicle 
weights 


Weight  classes  (pounds) 

Average 

gross 

vehicle 

weight 

Gasoline-powered 
vehicles 

Diesel-powered 
veh.cles 

Number 
of  trips 

Total 

miles 

observed 

Number 
of  trips 

Total 

miles 

observed 

Line-haul  vehicles: 

17,000-18,999 

17,000 
21,300 
J7.  null 
34,  500 

42,  000 
51,  200 

',<!.  .Mill 

67,  900 

4,600 

6,  000 
10,  500 
14,  500 

18,  500 
22,500 

27,  500 
33,  300 

38,  500 
42, 100 
51,300 
57,  000 
66,  000 

15 

55 
25 
123 

98 
64 
42 
31 

453 

13 

25 
89 
51 

6 

1 
80 
18 

3 

5 

3 

40 

32 

366 

1,111 
3,085 
2,398 
11,740 

8,906 
5,381 
3,  520 
2,111 

38,  252 

231 
1,172 
1,775 

603 

67 

33 

480 

232 

81 
171 
154 
64 
70 

5,133 

1 
6 

12 
8 
9 

12 

48 

60 
545 

1,641 

668 

1,125 

1,503 

5,542 

19,000-23,999 

24,000-29,999      

30,900-37,999      

38,000-47,999      

48,000-53,999 

54,000-61,999    

62,000  and  over 

Total 

City  pickup  and  delivery  ve- 
hicles: 
4,400-4,999 

5.000-8,999      

9,000-12,999 

13,000-16,999 

17,000-20,999 

21,000-24,999  .  

25,000-30,499      

30,500-36,999 

37,000-39,999 

40,000-45,999 

51,000-51,999 

54,000-59,999.... 

62,000-69,999 

Total 

Table  4. — Summary  of  fuel-consumption  rates  for  line-haul  trucks  operating 
over  rural  highway,  classified1  by  gross  vehicle  weights  and  engine  power 
characteristics  ' 


Gross  vehicle 
weight  (pounds) 

Fuel-consumption  rates  in  gallons  per  mile  for  vehicles  with  engine  displacement  of 

302-406  cu.  in. 

gasoline-powered 

(140  hp.) 

450-549  cu.  in. 

gasoline-powered 

(171  hp.) 

590  cu.  in. 

gasoline-powered 

(225  hp.) 

743  cu.  in. 

diesel-powered 

(200  hp.) 

Actual 
rate 

Computed 
rate2 

Actual 
rate 

Computed 
rate2 

Actual 
rate 

Computed 
rate2 

Actual 
rate 

Computed 
rate2 

17,000 

0. 150 
.163 
.170 

.196 

.214 
.233 
.233 

0.154 
.163 
.175 
.191 

.207 
.226 
.244 

0.152 
.189 
.210 
.229 

.246 
.256 
.289 
.298 

0.173 
.185 
.200 
.219 

.239 
.263 
.285 
.307 

0.243 
.247 

.278 
.273 
.287 
.314 

0.241 
.253 

.266 
.280 
.294 
.307 

0.146 
.176 

.176 
.164 
.189 
.  212 

0.153 
.162 

.171 
.182 
.193 

.  203 

21,300 

27,000 

34,500 

42,000. 

51,200 

59,500 

67,900 

1  Average  rate  of  rise  and  fall,  1.2  feet  per  100  feet. 

2  Computed  rates  are  based  on  the  following  formulas:  302-406  cu.  in.,  0.1177+0.00212W;  450-549  cu.  in., 
0.1288+0.00262W;  590  cu.  in.,  0.1975+0.00162W;  and  743  cu.  in.,  0.1194+0.001229W.  (W  =  GVW  in  thousands 
of  pounds.) 


reflect  the  average  values  for  all  highwa; 
sections  without  regard  to  variations  in  ris> 
and  fall. 

Vehicle  weight  groupings 

It  was  not  possible  to  set  up  a  precis^ 
schedule  of  vehicles  and  gross  vehicle  weight 
to  be  observed,  since  the  demand  for  commeri 
cial  freight  in  normal  operations  did  not  peti 
mit  the  selection  of  a  specified  gross  vehicjl 
weight.  It  was  hoped  that  the  plan  to  ob 
serve  a  minimum  of  three  vehicles  for  each  o 
several  weight-class  intervals  would  result  ii 
an  even  distribution  within  the  class  interval 
This,  however,  was  not  the  case  and  it  wa 
necessary  to  form  new  gross  vehicle  weigh)] 
groupings  in  the  analyses.  The  most  signifii 
cant  groupings  for  the  line-haul  and  pickuj! 
and  delivery  vehicles,  together  with  th 
number  of  trips  and  total  miles  observed  i: 
each  grouping,  are  shown  in  table  3.  It  i 
evident  that  sizable  mileages  were  logged  i:| 
each  type  of  service  and  that  a  reliable  bas-j 
exists  for  the  development  of  fuel  consump 
tion  and  travel  time  rates. 

Engine  size  groupings 

The  gasoline-powered  vehicles  observed  oi 
line-haul  operations  were  grouped,  for  pui 
poses  of  analyses,  into  three  engine  displace 
ment  size  groups  consisting  of  302-406  cubi 
inches,  450-549  cubic  inches,  and  590  cubi 
inches.  Vehicles  with  743-cubic-inch  dis 
placement  diesel  engines  were  also  studie 
as  a  group.  The  net  horsepower  for  th 
four  groups  of  engine  displacement  wer 
determined  to  be  140  horsepower  for  th: 
302-406-cubic-inch  size  group,  171  horsepowf 
for  the  450-549-cubic-inch  size  group,  22 
horsepower  for  the  590-cubic-inch  size  group 
and  200  for  the  743-cubic-inch  diesel  engintl 

A  grouping  of  city  pickup  and  deliver! 
vehicles  by  power  characteristics  was  coil 
sidered  but  found  impractical  for  the  purpose 
of  analysis  because  of  the  irregularity  of  th 
service,  which  resulted  in  wide  variations  i 
the  speed  of  operation,  number  of  deliverie: 
stops  per  mile,  idling  time,  and  the  rate  <J 
discharge  of  cargo. 

Average  Fuel  Consumption  Rates 

A  summary  of  the  average  rates  of  fu 
consumption  is  shown  in  table  4.  Two  fu< 
consumption  values  are  shown  for  each  grou 
of  vehicles  with  similar  power  characteristic 
One  is  the  actual  rate  and  the  other  is  tl| 
computed  rate,  shown  in  figure  1  as  straigl 
line  relationships,  which  were  derived  fro) 
the  actual  average  values.  The  rates  of  rif 
and  fall  were  1.18  feet  per  100  feet  for  th 
302-406-cubic-inch  group,  1.20  feet  per  lfl 
feet  for  the  450-549-cubic-inch  group,  lfl 
feet  per  100  feet  for  the  590-cubic-inch  grou 
and  1.22  feet  per  100  feet  for  the  743-cubi 
inch  diesel  engine.  The  variation  in  rise  ar 
fall  appeared  to  be  rather  insignificant  ar 
therefore  a  valid  comparison  of  the  motor-fu 
consumption  rates  for  the  several  groupini 
of  vehicles  is  practical. 

It  may  be  noted  that  the  vehicles  with  tl| 
larger  power  plants  used  appreciably  mo 
gasoline    for    a   given    average   weight.     F 
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igure   1. — Motor-fuel  consumption  rates  of  rural  line-haul   trucks  by  sise  of  engine  for 

1.2  rate  af  rise  and  fall. 


astance,  in  figure  1  it  is  seen  that  gasoline- 
owered  vehicles  in  the  lowest  engine  power 
roup  with  an  average  GVW   (gross  vehicle 

eight)  of  40,000  pounds  had  a  fuel-consump- 
lon  rate  of  0.202  gallon  per  mile.  This 
ompares  with  0.233  gallon  per  mile  for 
ehicles  in  the  medium  power  group,  which 
epresents    a    15-percent   increase;   and    with 

262  gallon  per  mile  for  vehicles  in  the 
argest  gasoline-engine  power  group,  a  30- 
iercent  increase. 

Also,  it  may  be  seen  that  the  fuel-consump- 
ion  rate  increased  with  gross  vehicle  weight. 


.30 


In  the  medium  power  group,  for  instance,  a 
vehicle  weighing  20,000  pounds  consumed 
approximately  0.181  gallon  per  mile,  while 
a  vehicle  weighing  60,000  pounds  consumed 
0.285  gallon  per  mile.  However,  despite 
the  fuel-consumption  rate  increase  with  gross 
vehicle  weight  increase,  there  was  a  decrease 
in  the  fuel  consumption  per  10,000  pounds 
of    gross    vehicle    weight.     For    example,    in 


the  medium  power  group  a  20,000-pound 
vehicle  consumed  0.181  gallon  per  mile,  or 
0.091  gallon  per  mile  per  10,000  pounds, 
while  a  vehicle  weighing  60,000  pounds 
which  consumed  0.285  gallon  per  mile  actually 
consumed  only  0.048  gallon  per  mile  per 
10,000  pounds,  indicating  that  as  gross  vehicle 
weight  is  increased  the  fuel  economy  per  unit 
of  gross  weight  is  improved. 

Gasoline  and  diesel  fuel  comparison 

For  the  same  gross  vehicle  weight  averages, 
the  diesel-powered  vehicles  consumed  con- 
siderably less  fuel  than  the  gasoline-powered 
vehicles  with  approximately  the  same  power 
characteristics.  For  example,  a  vehicle  with 
a  590-cubic-inch  gasoline  engine  and  an 
average  GVW  of  60,000  pounds  consumed 
approximately  0.294  gallon  per  mile,  while 
a  vehicle  with  a  743-cubic-inch  diesel  engine 
and  a  similar  weight  consumed  0.193  gallon 
per  mile.  In  this  case  the  diesel  consumption 
rate  was  66  percent  of  the  gasoline  consump- 
tion rate.  However,  the  foregoing  comparison 
does  not  represent  results  obtained  over 
identical  routes. 

A  comparison  of  gasoline  and  diesel  fuel 
consumption  rates  for  vehicles  traveling  over 
identical  routes  was  possible  from  the  data  ob- 
tained in  the  State  of  Washington.  The 
diesel-powered  combination  units  traveled  a 
total  of  5,542  miles  on  48  trips.  Twenty- 
eight  of  these  trips,  totaling  a  distance  of  3,617 
miles,  were  traveled  over  the  same  routes  used 
by  gasoline-powered  trucks  on  32  trips,  total- 
ing 3,966  miles.  By  grouping  gross  vehicle 
weights  into  class  intervals,  it  was  possible  to 
obtain  average  consumption  values  that  were 
directly  comparable  with  respect  to  rise  and 
fall  rates  and  gross  vehicle  weight.  Of  the 
vehicles  with  gasoline  engines,  21  trips  were 
madexby  vehicles  with  engines  of  461-cubic- 
inch  displacement,  3  with  engines  of  450- 
cubic-inch  displacement,  and  8  with  engines 
of  590-cubic-inch  displacement.  For  the  32 
trips,  the  average  net  horsepower  of  the 
vehicles  with  gasoline  engines  was  199  horse- 
power, as  compared  with  the  200-horsepower 
diesel  engines.  The  results  are  summarized 
in  table  5  and  the  relationships  derived  from 
the  average  rates  of  fuel  consumption  are 
shown  in  figure  2. 


Table   5. — Gasoline   and   diesel   fuel  consumption   rates  for  line-haul    trucks 
traveling  over  the  same  rural  routes,  classified  by  gross  vehicle  weights  ' 
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igure    2. — Comparison    of    gasoline    and 
diesel  fuel   consumption    rates    of   rural 
line-haul  trucks  operating  over  the  same 
routes. 
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Gross  vehicle 
weight  (pounds) 

Number 
of  trips 

Total 

miles 

traveled 

Total 
gallons 

con- 
sumed 

Actual  rate, 

miles  per 

gallon 

Computed  - 
rate,  miles 
per  gallon 

Actual  rate, 

gallons  per 

mile 

Computed  3 

rate, 
gallons  per 

mile 

Gasoline: 
30,400 

1 
2 

14 

1 

32 

1 

6 
8 
6 

28 

63 
284 
993 
1,831 
142 
653 

3,966 

65 
923 
618 

1,146 
865 

3,617 

14.34 

66.77 
254.  89 
529.  23 

42.45 
213.25 

1, 120.  93 

9.15 
163.  89 
105.17 
219.  87 
182.  15 

680. 23 

4.393 

4.  253 
3.896 
3.460 
3.345 
3.062 

3.538 

7.104 

5.  632 
5.876 
5.212 
4.749 

5.317 

4.452 
4.  224 
3.  867 
3.472 
3.308 
3.101 

6.  723 
6.  229 
5  668 
5. 306 
4.651 

0. 228 
.235 
.257 
.289 
.299 
.327 

.283 

0.  Ill 

.178 
.170 
.192 
.211 

.188 

0.221 
.237 
.263 
.292 
.303 
.318 

0.158 
.168 
.179 

.  1ST 
.200 

46,800 

57,900 

62,500 

68,300 

Total  or 

average 

Diesel: 
32,600 - 

41,500              

51,600  

58,100 

iw.'.mii             

Total  or 
average 

i  Average  rate  of  rise  and  fall,  1.17  feet  per  100  feet. 

2  Computed  miles-per-gallon  rates  are  based  on  the  following  formulas:  gasoline,  5.53486-0.03563VV ;  diesel, 
8  5345—0  05556 W 
's  Computed  gallons-per-mile  rates  are  based  on  the  following  formulas:  gasoline,  0.14217+0-O0258W  diesel, 
0.12106+0.0O113W.    (W  =  GVW  in  thousands  of  pounds.) 
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Figure  3. — Comparison   of  rural  and  urban    motor-fuel  consumption   rates  of  line-haul 

trucks. 


percent  difference  for  a  GVW  of  20,000 
pounds  to  a  32-percent  difference  for  a  GVWi 
of  70,000  pounds. 

A  comparison  of  the  rural  and  urban  fuel  j 
consumption  rates  for  diesel-powered  trucks 
observed  in  line-haul  service,  however,  shows 
that  there  was  little  percentage  difference 
where  the  GVW  was  from  40,000  to  50,000 
pounds,  but  where  the  GVW  approached 
70,000  pounds  there  was  a  27-percent  higher 
consumption  rate  in  urban  travel. 

Again,  figure  3  shows  the  fuel  consumption 
advantage  of  the  diesel  engine. 

City  pickup  and  delivery  vehicles 

City  pickup  and  delivery  motor-vehicle 
gasoline  consumption  rates  are  shown  in 
figure  4  for  two  different  rates  of  rise  and  fall. 
The  straight-line  values  were  derived  from 
actual  average  values.  In  Seattle,  where  the 
rate  of  rise  and  fall  averaged  2.1  feet  per  IOC 
feet,  the  gasoline  consumption  was  18  percent 
higher  at  10,000  pounds  GVW  and  14  percent 
higher  at  40,000  pounds  GVW  than  the  con- 
sumption rate  in  the  other  three  cities  where 
the  rise  and  fall  was  about  0.5  feet  per  100  feet 
It  will  be  noted  that  gasoline  consumption, 
increased  as  gross  vehicle  weights  increased., 
as  was  the  case  for  line-haul  operation.  It 
may  also  be  noted  that  the  consumption  rates 
approximate  very  closely  the  values  shown  irl 
figure  3  for  gasoline-powered  vehicles  in  urbai 
line-haul     service.     Consumption     rates     foi 


For  a  GVW  of  70,000  pounds,  as  shown  in 
figure  2,  the  gasoline  consumption  rate  was 
0.322  gallon  per  mile,  or  3.11  miles  per  gallon; 
and  the  diesel  consumption  rate  was  0.200 
gallon  per  mile,  or  5.00  miles  per  gallon.  In 
effect  the  diesel-powered  vehicles  traveled 
about  53  percent  more  miles  per  gallon  of  fuel 
than  did  the  gasoline-powered  vehicles.  A 
similar  comparison  for  a  GVW  of  50,000 
pounds  indicated  that  the  diesel-powered 
vehicles  traveled  about  52  percent  more  miles 
per  gallon  of  fuel  than  gasoline-powered 
vehicles.  A  comparison  of  the  average  rate 
for  all  gasoline-powered  vehicles  for  all  32 
trips  with  that  for  all  diesel-powered  trips 
shows  that  51  percent  more  mileage  was 
obtained  by  diesel-powered  vehicles  on  the 
same  gallonage  of  fuel.  This  relative  value 
is  based  on  the  total  miles  traveled  and  total 
gallons  consumed  shown  in  table  5.  The 
average  diesel  consumption  rate  of  0.188  gal- 
lon per  mile  was  66  percent  of  the  average 
gasoline  consumption  rate  of  0.283  (also 
shown  in  fig.  1). 

Rural  and  urban  comparison 

The  fuel  consumption  rates  for  all  gasoline- 
and  diesel-powered  trucks  observed  in  line- 
haul  rural  and  urban  travel  are  shown  in 
table  6.  The  computed  rates,  obtained  from 
the  straight-line  relationships  shown  in  figure 
3,  were  derived  from  the  average  actual  rates. 
Referring  to  figure  3,  the  fuel  consumption 
rates  for  gasoline-powered  vehicles  in  urban 
travel  appear  to  be  considerably  greater  than 
the  gasoline  consumption  rates  in  rural  travel. 
The  fuel  consumption  percentage  differences 
in  rural  and  urban  travel  range  from  a  25- 
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Table   6. — Gasoline  and  diesel  fuel  consumption  rates  for  rural  and  urban 
line-baul  operations,  classified  by  gross  vehicle  weights 


Gross  vehicle 

weight  (pounds) 

Gasoline  and  diesel  fuel  consumption  rates  in  gallons  per  mile 

Gasoline-powered  vehicles 

Diesel-powered  vehicles 

Rural  travel 

Urban  travel 

Rural  travel 

Urban  travel 

Actual 

rate 

Computed 

rate  ' 

Actual 
rate 

Computed 
rate  ' 

Actual 
rate 

Computed 
rate  ' 

Actual 
rate 

Computed 
rate  ' 

17,000. 

0.150 
.166 
.184 
.206 

.229 
.243 
.280 
.308 

0.152 
.165 
.  182 
.204 

.227 
.254 
.279 
.304 

0.175 
.218 
.232 
.263 

.291 
.332 
.365 
.395 

0.189 
.207 
.230 
.261 

.292 
.330 
.364 
.399 

0."l76 

.176 
.164 
.189 
.212 

0.167 

.174 
.184 
.192 
.200 

0.147 

.179 
.180 
.225 
.255 

0.146 

.169 
.198 
.224 
.250 

21,300--     

27,000 

34,500.. 

42,000 

51,200 

59,500 - 

07,900 

i  Computed  rates  are  based  on  the  following  formulas:  gasoline,  rural,  0.10115+0.00299W;  gasoline,  urban, 
0.11865+0.00413W;  diesel,  rural,  0.13180+0.00101W;  diesel,  urban,  0.03924+0.00310W.  (W  =  GVW  in  thou- 
sands of  pounds.) 

Table  7. — Comparison    of   motor-fuel    consumption    rales   of   ihree    studies  of 
trucks  operating  over  rural  highways,1  classified  by  gross  vehicle  weights 


Average  gross 

vehicle  weight 

(pounds) 

Motor-fuel  consumption  in  gallons  pel 

mile  from  indicated  studies 

1958  five-State  study 

1937  Oregon  study 

1948  Penn- 
sylvania 

study 

Gasoline-powered  vehicles 

Diesel- 
powered 

vehicles 

( iasoline- 
powered 

vehicles 

Diesel- 
powered 
\  ehicles 

Gasoline 

powered 
vehicles 

Engine  cubic  inch  dis- 
placement of— 

Average 

302-406 

450-549 

590 

20,000 

0.160 
.181 
.202 
.224 

.245 

0.  181 
207 
234 

.260 
286 

.312 

0.246 
.262 

.279 
.295 
.311 

0.161 
.191 
.  221 
.251 
.281 
.311 

0~150 
.169 
.  181 
.  193 
.205 

0.203 
.251 
.295 

0.128 
.157 
.183 

0.135 
.170 
.200 
.228 
.255 
.282 

30, 

40,000— 

.Mlllllll                     

i.ii.diiii 

70,000-..    

'  Rate  of  rise  and  fall  for  Oregon  data  was  1.0;  for  the  other  study  data  it  was  1.2. 


wholesale  motor-fuel  delivery  vehicles  are 
shown  separately  in  figure  4  as  they  were  not 
considered  for  this  study  as  multi-stop  city 
deliver}*  vehicles. 

Comparison  with  previous  studies 

Fuel-consumption  rates  obtained  in  this 
study  have  been  compared  with  results  found 
in  two  previous  studies- — a  1937  Oregon  study 
(/) ,  and  a  1948  Pennsylvania  study  (2)  .2     The 


comparison  of  these  consumption  rates  are 
given  in  table  7  and  illustrated  graphically 
in  figure  5.  For  comparative  purposes,  the 
average  consumption  rates  found  in  the  1958 
study,  rather  than  the  rates  found  for  the 
individual  groupings  of  vehicles,  were  used. 
Considering  the  entire  gross  vehicle  weight 
range,  the  consumption  rates  obtained  in  the 

2  Italic  numbers  in  parentheses  refei  i>>  the  list  of  references 
on  p.  31. 
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1958  study  were  found  to  be  approximately 
10  percent  higher  than  corresponding  data 
reported  in  the  Pennsylvania  study,  which 
were  obtained  by  controlled  tests  on  new 
vehicles.  The  higher  motor-fuel  consumption 
rates  in  commercial  operation  as  compared 
with  the  controlled  test  operation  can  be 
ascribed  partly  to  a  greater  prevalence  of 
speed  changes  in  commercial  operation  than 
had  been  encountered  in  the  test  truck  opera- 
tion, and  partly  to  the  fact  that  the  com- 
mercial truck  engines  w-ere  not  kept  to  the 
high  degree  of  performance  efficiency  as  the 
controlled  test  trucks,  which  were  regularly 
maintained  by  factory  mechanics. 

It  appears  that  the  results  in  the  Pennsyl- 
vania study,  which  covered  a  much  wider 
range  of  gross  vehicle  weights  and  rates  of 
rise  and  fall,  may  be  increased  by  10  percent 
and  used  to  represent  the  fuel  characteristics 
of  vehicles  now  in  actual  commercial  service. 

Gasoline  consumption  rates  in  the  1937 
Oregon  study  and  the  1958  study  were  quite 
similar  in  the  lower  gross  vehicle  weights 
but  the  Oregon  study  gasoline  consumption 
rates  were  higher  by  nearly  20  percent  for 
the  gross  vehicle  weights  at  50,000  pounds. 
Diesel-fuel  consumption  figures  in  the  Oregon 
study  were  lower  than  the  1958  study  diesel 
consumption  rates  by  as  much  as  30  percent 
in  the  lower  weight  ranges  but  were  almost 
identical  for  gross  vehicle  weights  at  50, COO 
pounds. 

Average   Time  Consumption  Rates 

The  travel  time  consumption  rate  of 
commercial  motortrucks  in  rural  line-haul 
operation  was  analyzed  in  two  different  ways. 
The  first  analysis  was  made  to  determine  the 
I  ravel  time  of  vehicles  for  all  trips,  without 
considering  rise  and  fall  or  traffic  friction. 
This  analysis  was  made  in  a  manner  similar 
to  thai  used  for  determining  the  fuel-con- 
sumption rates.  Actual  and  computed  travel 
time  consumption  rates  are  given  in  table  8. 
In  figure  0,  straight  lines  are  used  to  relate 
travel  time  and  gross  vehicle  weight  for  each 
of  the  engine  characteristic  groups.  It  is 
seen  that  vehicles  with  engine  displacement 
size  of  302-406  cubic  inches,  which  traveled 
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Figure   5. — Comparison   of  data  from   3   reports   on    motor-fuel 
consumption  rates  of  line-haul  trucks. 
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Figure  6. — Comparison    of   average    time   consumption    rates   of 
rural    line-haul    trucks   by  engine  size  for  1.2   rise   and  fall. 
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Table    8. — Rates    of   travel    time    consumption    for    trucks   in    rural    line-haul    service    in 

5  States,  1957-58  ' 


Gross  vehicle 
weight 

(pounds) 

Travel  time-consumption  rates  in  minutes  per  mile  for  vehicles  with  engine  displacement  of— 

302-406  cu.  in.,  gaso- 
line (Ho  h.p.)  engine 

450-549  cu.  in.,  gaso- 
line (171  h.p.)  engine 

590  cu.  in.,  gasoline 
(225  h.p.)  engine 

Gasoline 
engine 

average- 
Actual 
rate 

743  cu.  in.,  diesel 
(200  h.p.)  engine 

Actual 

rate 

Computed 
rate  2 

Actual 
rate 

Computed 
rate2 

Actual 
rate 

Computed 
rate2 

Actual 
rate 

Computed 
rate  2 

17,000 

21,300.    . 

1.434 
1.506 
1.649 
1.619 

1.687 
1.728 
1 .  859 

1.638 

1.478 
1.514 
1.563 
1.  627 

1.691 
1.769 
1.840 

1.  467 
1.520 

1.526 
1.626 

1.660 
1.859 

1.586 

1.436 
1.501 

1.  566 

1.645 
1.717 
1.790 

1.606 
1.590 

1.662 
1.738 
1.724 
1.761 

1.696 

1.593 
1.626 

1.659 
1.699 
1.735 
1.771 

1.434 

1.506 
1.592 
1.596 

1.620 
1.  692 
1.696 
1.797 

1.625 

1.636 

1.460 
1.616 
1.569 
1.598 

1.559 

1.567 

1.571 
1.  576 
1.580 
1.585 

27,000 

34,500 

42,000 

51,200 

59,500 

67,900 

Average 

1  Average  rate  of  rise  and  fall,  1.2  feet  per  100  feet. 

2  Computed  rates  are  based  on  the  following  formulas:  302-406  cu.  in.,  l.333-f-0.008516W;  450-549  cu.  in.,  1.203+0.008642W; 
590  cu.  in.,  1.470+0.004347W;  and  743  cu.  in.,  1.549+0.000520W. 

Table  9. — Summary  of  travel  time  consumption  rates,  by  gross  vehicle  weights 
and  power  characteristics,  for  urban  line-haul  freight  vehicles  and  city 
delivery  vehicles 


Time-consumption  rates  in  minutes  per  mile  for  urban  line-haul 
vehicles  with  engine  displacement  of— 

Time  consumption   rates  in 
minutes  per  mile  for  city 
delivery  vehicles 

Gross  vehicle 
weight  (pounds) 

302-406 
cu.  in., 
gasoline 
engine 

450-549 
cu.  in., 
gasoline 
engine 

590 
cu.  in., 
gasoline 
engine 

Average 
gasoline 
engine 

743 
cu.  in., 
diesel 
engine 

Gross  vehicle 
weight  (pounds) 

All 

gasoline 
engines 

17,000. 

3.207 
2.909 
3.388 
3.260 

3.274 
3.513 
4.533 
4.486 

3.306 

2.868 
3.473 
2.  818 
2.973 

3.082 
2.914 
2.987 
2.630 

2.997 

2.957 
2.378 

2.728 
2.  283 
2.532 
2.815 

2.671 

3.105 
2.987 
3.182 
3.136 

3.167 
3.253 
3.435 
3.  039 

3.156 

2.556 
2.353 

2.597 
2.901 
3.043 

2.784 

2.740 

4,600.... 

8.854 
5.  736 
6.181 
5.125 

4.500 
5.502 
4.847 
4.184 

5.443 

21,300-,. 

6,000 

17,000 

in.. '.mi 

34,500 

1  1,51  III 

42,000 

18,500     . 

51,200 

22,500   . 

59,500- 

27,500 

67,900 

33,300 

Average 

Average... 

at  a  rate  of  1.59  minutes  per  mile  with  a  GVW 
of  30,000  pounds,  traveled  at  1.85  minutes 
per  mile  when  the  GVW  was  60,000  pounds. 
Vehicles  in  the  450-549-cubic-inch  engine  size 
group  traveled  1.46  and  1.72  minutes  per  mile 
at  corresponding  weights.  The  straight-line 
relationships  for  these  two  engine  groups  were 
approximately  parallel,  indicating  a  constant 
rate  of  increase  in  travel  time  consumed  with 
increase  in  gross  vehicle  weights. 

The    vehicles    with    743-cubic-inch    diesel 
engines    maintained    a    much    more    constant 


speed  with  respect  to  gross  vehicle  weights 
than  those  with  the  larger  gasoline  engines, 
showing  an  increase  of  only  0.02  minute  per 
mile  from  30,000  to  60,000  pound  GVW. 

The  travel  time  consumption  rates  of 
commercial  vehicles  in  urban  line-haul  and 
in  city  pickup  and  delivery  service  are  shown 
in  table  9.  Although  time-consumption  rates 
were  not  found  to  vary  in  a  uniform  manner 
with  gross  vehicle  weight,  it  was  noted  that 
as  the  power  characteristics  of  engines  in- 
creased    the     time     consumption     decreased. 


Table  10. — Average  speeds  of  gasoline-  and  diesel-powered  trucks,  experiencing 
less  than  two  slowdowns  per  mile  and  no  stops  in  Ohio  and  Washington 
rural  line-haul  operation  ' 


Gross  vehicle 
weight  (pounds) 

Time-consumption  rates  2 

302-406  cu.  in.  gaso- 
line engine 

450-549  cu.  in.  gaso- 
line engine 

590  cu.  in.  gasoline 
engine 

743  eu.  in.  diesel 
engine 

Minutes 
per  mile 

M  iles  per 
hour 

Minutes 
per  mile 

Miles  per 
hour 

Minutes 
per  mile 

Miles  per 
hour 

Minutes 
per  mile 

Miles  per 

hour 

17.000... 

1.34 
1.38 
1.43 
1.50 

1.57 
1.65 

44.8 
43.5 
42.0 
40.0 

38.2 
36.4 

1.35 
1.40 

1.44 
1.50 
1.56 
1.61 

44.4 
42.9 

41.7 
40.0 
38.5 
37.3 

1.36 
1.38 

1.40 
1.43 
1.45 
1.47 

44.1 
43.5 

42.9 
42.0 
41.4 
40.8 

1.483 

1.486 
1.490 
1.493 
1.497 

40.5 

40.4 
40.3 
40.2 
40.1 

21,300.... 

27,000 

34,500. 

42,000 

51,200... 

59,500...  . 

67,900 

1  Average  rate  of  rise  and  fall,  1.3  feet  per  100  feet. 

2  Rates  were  computed  by  the  following  formulas.    302-400  cu.  in.:  m.p.m.,  1.18035+0.00910W:  m.p  h.. 
9.1986-0.25747W.  '       v     ' 

450-549  cu.  in.:  m.p.m.,  1.17435+0.00643W;  m.p.h.,  49.2757-0.17956W. 

590  cu.  in.:   in  pin,,  1. 2900  +  0. 00264W:   m.p.h.,  46.0507-0  07742W 

743  cu.  in.:  m.p.m.,  1.4696+0.00040W;  m.p.h.,  41. 1719-0.01905W.     (W  =  GVW  in  thousands  of  pounds.) 


Referring  to  the  average  time-consumption' 
rates  for  all  gasoline-powered  vehicles  (tables  S 
and  9)  it  will  be  seen  that  vehicles  in  rural 
line-haul  service  traveled  at  an  average  rate 
of  1.625  minutes  per  mile,  or  36.9  miles  per 
hour;  vehicles  in  urban  line  haul  traveled 
at  3.156  minutes  per  mile  or  19.0  miles  per 
hour;  and  all  city  pickup  and  delivery  vehicles 
at  5.443  minutes  per  mile  or  11.0  miles  pei 
hour.  Similar  figures  for  diesel-powered 
vehicles  were  1.559  minutes  per  mile,  or  38.5 
miles  per  hour  for  rural  line-haul  operation, 
and  2.740  minutes  per  mile,  or  21.9  miles  pei 
hour  for  urban  line-haul  operation. 

Average  speeds  in  free-flowing  traffic 

The  second  analysis  made  of  travel  time  foil 
rural  line-haul  operations  involved  the  de- 
sired  speeds  at  which  vehicles  traveled  in 
free-flowing  traffic  when  they  apparently  were 
unrestricted  except  by  speed  limits  or  saf< 
driving  speeds.  It  was  possible  to  study  the 
speeds  by  analyzing  time-consumption  rates 
on  certain  highway  sections  in  Ohio  and  Wash-i 
ington  where  trucks  traveled  without  experi-| 
encing  more  than  two  slowdowns  per  mile  and 
no  stops.  The  average  operating  speeds  undea 
these  conditions  were  related  to  the  fouit 
groupings  of  engine  sizes  and  power  character- 
istics and  to  gross  vehicle  weight,  as  shown  ii 
table  10  and  figure  7. 

Travel  time,  in  minutes  per  mile,  increase! 
sharply  as  the  gross  weight  of  gasoline-powere< 
commercial  trucks  in  the  lowest  range  ol 
engine  size  and  power  increased.  Conversely 
of  course,  average  road  speeds  decreasei 
sharply.  However,  as  the  engine  horsepowei 
and  gross  vehicle  M-eight  increased,  the  travel 
time  increase  was  less  pronounced.  This  is 
reflected  by  the  steepness  of  the  slope  of  tht 
lines  per  10,000-pound  increase  in  GVW.  Foi 
the  lowest  gasoline-powered  engine  size,  th( 
rate  increased  0.09  minute  per  mile  for  eacl 
increase  of  10,000  pounds  in  GVW.  For  thj 
medium  gasoline-powered  engine  size,  the  cor-| 
responding  increase  was  0.06  minute  per  mile 
and  for  the  590-cubic-inch  engine  gasoline- 
powered  vehicles  and  the  diesel-powered  ve- 
hicles the  increases  were  0.03  and  0.01  minui 
per  mile,  respectively. 

The  relative  performance  of  the  four  group- 
ings of  vehicles  (fig.  7)  point  up  the  considera- 
tion that  while  better  fuel  economy  is  attainei 
with  smaller  engines  for  the  gross  vehiclt 
weights  investigated,  the  penalty  of  usim 
smaller  engines  is  an  increase  in  travel  thru 
consumption  at  higher  vehicle  weights. 
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Figure  7. — Average  time  consumption  ratet 
for  trucks  operating  in  free -flowing  traffii 
on  rural  line-haul  service  with  an  average' 
rate  of  rise  and  fall  of  1.3  feet  per  100  feet. 
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'ime-consumption  rates  compared 

Another  important  use  of  the  current  study 
lata  was  in  comparison  with  the  average  time- 
•onsumption  rates  reported  in  the  1948  Penn- 
'  ylvania  study  (#).  Travel-time-consumption 
ates  are  graphically  illustrated  for  the  two 
tudies  in  figure  8,  using  the  average  rates  for 
ill  vehicles. 
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'igure  8. — Comparison  of  1957—58  travel 
time  rates  for  rural  line-haul  gasoline- 
powered  trucks  for  1.2  rate  of  rise  and  fall 
with  1948  Pennsylvania  study  data  based 
on  1.3  rate  of  rise  and  fall. 


The  time-consumption  rates  obtained  in  the 
958  study,  considering  the  average  travel 
ime  for  all  conditions  of  traffic,  are  labeled 
'average  traffic"  in  figure  8  and  were  found  to 
>e  26  percent  higher  than  corresponding  data 
eported  in  the  Pennsylvania  study.  A  com- 
Kirison  of  greater  significance,  however,  can 
>e  made  between  the  1958  study,  identified  in 
igure  8  as  "free-flowing  traffic,"  and  those  of 
948  Pennsylvania  study,  because  both  were 
6  nade  under  similar  conditions.  The  time- 
;onsumption  rates  of  gasoline-powered  trucks 
traveling  in  free-flowing  traffic  were  10  per- 
;ent  higher  than  corresponding  data  reported 
n  the  Pennsylvania  study. 


Effect  of  Traffic  on  Performance 

One  of  the  main  objectives  of  the  study  was 

h  to   investigate   the   effect   of   varying   traffic 

(i  volumes   on   the   performance   of   commercial 

vehicles.     Other  studies  {1 — 4)  have  made  a 

good  start  in  determining  the  fuel  consumption 

and  travel  time  for  uniform  speeds,  stops  and 

starts,  and  slowdowns;  and  in  finding  out  how 

certain  factors,  such  as  gradient,  rise  and  fall, 

horizontal    curvature,    gross    vehicle    weight, 

and    engine    characteristics,    effect    fuel    and 

time  consumption.     However,  little  has  been 

available  in  the  literature  as  to  the  effect  of 

^varying  traffic  volumes. 

It  was  hoped  that  this  study  would  provide 
i  means  for  estimating  the  added  operating 
cost  brought  about  by  frictions  in  the  traffic 
stream.  The  basic  approach  was  one  of  con- 
sidering the  number  of  speed  changes  per  mile 
for  varying  volume  conditions,  the  percental' 
of  the  total  number  of  speed  changes  that 
tjwere  stops  and  starts,  and  the  average  speed 
change  in  terms  of  miles  per  hour  of  a  stop  or 
slowdown.  It  was  reasoned  that  if  such  infor- 
mation could  be  provided,  the  added  cost  for 
having  to  operate  other  than  at  a  uniform 
speed  could  readily  be  assessed. 

Speed  changes  per  mile 

What  are  probably  the  most  significant 
results  of  this  study,  speed  changes  per  mile, 
were  computed  for  trucks  with  different 
gross  weights  operating  over  three  types  of 
rural   highways   with   varying   average   daily 
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traffic  and  are  shown  in  table  11.  An  at- 
tempt was  made  to  develop  similar  data 
for  urban  operation,  but  the  lack  of  traffic 
data  for  the  irregular  routes  traveled  made 
this  impossible. 

The  average  values  of  speed  changes  per 
mile  (from  table  11)  are  shown  in  figure  9 
as  straight-line  relationship  established  for 
the  three  types  of  highways.  The  benefits 
accruing  from  the  elimination  of  impediments 
to  free-flowing  traffic  are  clearly  illustrated 
by  comparing  the  speed  changes  per  mile 
on  the  4-lane  divided,  controlled-access 
facility  with  those  on  the  4-lane  undivided, 
uncontrolled-access  facility.  For  an  average 
daily  traffic  of  15,000  vehicles,  there  were  an 
average  of  2.0  speed  changes  per  mile  on  the 
4-lane  uncontrolled-access  highway  as  com- 
pared with  a  rate  of  about  0.8  on  the  4-lane 
controlled  access  highway.  Speed  changes 
per  mile  on  2-lane  highways  increased  from 
2.0  to  2.8  where  the  average  daily  traffic 
increased  from  5,000  to  10,000.  In  contrast, 
speed  changes  per  mile  on  the  4-lane  uncon- 
trolled-access highway  increased  from  1.5 
to  1.8  over  the  same  average  daily  traffic 
range. 

1  >ata  for  4-lane  divided  highways  with  no 
access  control  were  not  obtained  in  sufficient 
quantity  for  analysis.  It  is  reasonable  to 
expect  that  the  relationship  for  this  type  of 
highway  would  fall  between  that  for  the  two 
l-lane  highways  shown  in  figure  9,  and  would 
probably  lie  closer  to  the  4-lane  undivided, 
uncontrolled-access  highway. 


Analysis  of  speed  changes 

Of  considerable  importance  among  the 
data  obtained  were  the  percentages  of  total 
speed  changes  representing  stops  and  slow- 
downs. Speed  changes  caused  by  stops  and 
slowdowns  are  presented  in  table  12  from 
results  of  the  studies  made  in  Ohio  and 
Washington,  the  only  States  where  stops 
were  recorded.  On  the  average,  complete 
stops  occasioned  about  11  percent  of  the 
speed  changes  in  rural  line-haul  operations 
and  about  45  percent  in  urban  line-haul 
operations. 

Compiled  from  the  limited  data  available, 
an  analysis  of  speed  changes  in  miles  per  hour 
was  made  and  it  was  found  that  an  average 
stop  in  rural  areas  was  made  from  a  speed 
of  26  miles  per  hour.  On  city  streets  the 
average  stop  was  made  from  a  speed  of  18.9 
miles  per  hour.  The  average  change  in  speed 
for  slowdowns  in  both  rural  and  urban  areas 
was  11.4  miles  per  hour. 

To  illustrate  the  significance  of  a  speed 
change  in  terms  of  motor-fuel  consumption 
and  to  confirm  that  fuel  consumption  in- 
creases with  an  increasing  number  of  speed 
changes  per  mile,  gasoline-consumption  rale- 
were  computed  for  road  sections  having 
different  rates  of  speed  change  per  mile,  for 
different  gross  vehicle  weights.  The  average 
rates  are  presented  in  table  13  for  the  three 
types  of  operation. 

The  straight-line  relationships  established 
for  the  data  in  table  13  are  shown  in  figure  10. 
It  is  seen  that  an  increase  of  one  speed  change 


Table  11. — Speed  changes  per  mile  made  by  trucks  operating  over  three  types  of  rural 
highways  with  varying  average  daily  traffic 


Average  daily  traffic 
on  indicated  highways 

Highway 

section 
mileage 

Number 

of 

trips 

Total 

miles 

traveled 

Speed  changes  per  mile  for  vehicles  with  average  gross 
vehicle  weight  (1,000  pounds)  of  — 

17.0 

^23.1 

27.4 

36.3 

43.7 

52.2 

Average 

4-lane  divided,  con- 
trolled access: 

46,700 

23,300 

6.56 
3.62 
8.19 

31.71 

48.78 
5.67 

27.30 
57.58 
20.52 

54 
54 
54 

54 
54 
52 

56 
56 
56 

354. 24 
195.48 
442.  46 

1,712.34 

2,  634. 12 
153.  79 

1,528.80 

3,  224. 48 
1,149.12 

1 .  56 
.  62 
.38 

1.73 
1.59 

2.05 
.83 
.62 

1.79 
1.55 
1.19 

2.75 
2.24 
1.59 

2.38 

1.17 
.53 

2.12 
2.07 
1.58 

2.74 
2.14 
1.48 

2.71 

1.90 

.66 

2.35 
2.03 
1.47 

2.61 
2.15 
1.35 

2.36 
1.99 
.74 

2.34 

2.  12 
1.73 

2.69 
2.31 
1.70 

2.19 
1.24 
.60 

2.03 
1.82 
1.53 

2.71 
2.18 
1.50 

12,700 

4-lane  undivided,  un- 
controlled access: 
15,700 

10,300_._   -. 

5,200 

2-lane: 

8,800 

6,000 

2,000 

& 

fi 
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Figure  9. — Average  speed  changes  per  mile  for  rural  line-haul  trucks,   by  average  daily 

traffic  and  type  of  highway. 
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Table  12.— Number  and  percentage  of  speed  changes  occasioned  by  slowdowns  and  stops 
of  trucks  in  Washington  and  Ohio  rural  and  urban  line-haul  travel 


Speed  Changes 

Washington 

Ohio 

Total 

Slow- 
downs 

Stops 

Speed 
changes 

Slow- 
downs 

Stops 

Speed 
changes 

Slow- 
downs 

Stops 

Speed 
changes 

Rural  line-haul: 

5,358 
87.1 

1,220 
66.6 

795 
12.9 

613 
33.4 

6,153 
100.0 

1,833 
100.0 

8,036 
89.6 

1,581 
48.4 

935 
10.4 

1,688 
51.6 

8,971 
100.0 

3,269 
100.0 

13, 393 
88.6 

2,801 
54.9 

1,731 
11.4 

2,301 
45.1 

15, 124 
100.0 

5,102 
100.0 

Urban  line-haul: 

Number 

Percent - 

per  mile  for  a  vehicle  weighing  30,000  pounds 
traveling  on  a  rural  highway  resulted  in  an 
average  fuel-consumption  increase  of  0.010 
gallon  per  mile.  The  corresponding  increase 
for  vehicles  in  urban  line-haul  operation  was 
0.021  gallon  per  mile,  and  for  city  delivery 
vehicles  the  average  increase  was  0.0056 
gallon  per  mile.  The  greater  rate  of  speed 
change  for  urban  line-haul  operation  as  com- 
pared to  rural  line-haul  operation  is  probably 
due  to  the  higher  incidence  of  stops  and  slow- 
downs. City  pickup  and  delivery  vehicles 
consume  less  gasoline  per  speed  change  than 
the  urban  line-haul  vehicles  because  stops 
and  slowdowns  are  of  lesser  magnitude,  as 
evidenced  by  an  average  speed  of  1 1  miles  per 
hour. 

Also  of  importance  is  the  indication  that 
fuel  consumption  attributable  to  a  speed 
change  increases  with  gross  vehicle  weight. 
For  example,  the  fuel  consumed  for  an  in- 
crease of  one  speed  change  per  mile  for  rural 
line-haul  operations  was  0.0092  gallon  for 
vehicles  with  20,000  pounds  GVW  and 
0.0142  gallon  for  50,000  pounds. 


Table  13. — Gasoline-consumption  rates  for  trucks  in  line-haul  and  city  pickup 
and  delivery  operation  for  various  rates  of  speed  change  per  mile 


Data  for  travel  time-consumption  rates  due 
to  one  speed  change  per  mile  were  also  de- 
veloped, and  are  shown  in  table  14.  The 
average  time-consumption  rate  did  not  appear 
to  increase  with  gross  weight  but  the  average 
value  for  all  gross  vehicle  weights  increased  as 
the  speed  changes  per  mile  increased. 

The  average  time  consumed  in  one  speed 
change  for  rural  line-haul  operation  was  found 
to  be  0.26  minute,  or  15.6  seconds;  for  urban 
line-haul  operation  0.27  minute,  or  16.2 
seconds;  and  for  city  pickup  and  delivery 
operation  0.38  minute,  or  nearly  23  seconds. 
In  spite  of  the  fact  that  the  speeds  from  which 
stops  and  slowdowns  were  made  were  higher 
in  rural  than  in  urban  line-haul  operation,  the 
time  consumption  per  speed  change  is  about 
equal,  probably  because  the  percentage  of 
total  speed  changes  that  are  stops  is  much 
higher  in  the  urban  line-haul. 

The  increased  fuel-  and  time-consumption 
rates  for  one  speed  change  have  been  developed 
principally  for  illustrative  purposes,  although 
they  can  be  used  in  estimating  benefits. 
When    data    are    available    from    controlled 


Average  gross  vehicle 
weight  (pounds) 

Gasoline 

-consumpl 

ion  rates  in  gallons  per  mile  for  indicated  number 
of  speed  changes  per  mile 

1 

3 

4 

5 

7 

9 

12 

Line-haul,  rural: 
17,000 

0.134 

.180 
.200 
.228 
.239 
.268 

.197 

0.143 

.  159 

.206 
.217 

.185 

0.142 
.198 
.222 
.257 
.270 
.305 

.220 

0. 149 
.180 

.268 

.292 

.224 

0.111 
.131 
.165 
.204 
.229 

.143 

0.160 
.226 
.255 
.300 
.311 

.251 

0.153 
.198 

.328 
.373 

.269 

0.181 
.250 
.279 
.322 

.279 

0.246 
.409 

.457 
.333 

0.324 
.426 

.465 
.382 

0. 145 
.167 
.206 
.250 
.279 

.168 

34,500 

42,000 

53,000 

57,000.. 

68,000.. 

Average... 

Line-haul,  urban: 
17,000 

26,000 

28,000.. _ 

52,000 

58,000 

59,000 

61,000 

62,000 

Average 

City  pickup  and  delivery: 

6,000 

10,500 

18,500 

27,500 

33,300 

Average 

tests  (3- — 4)  on  a  variety  of  vehicles,  the  data ' 
herein  presented  may  be  refined. 

Cost  of  a  Speed  Change 

The  approximate  cost  of  a  stop  is  included  : 
in  this  article  more  as  a  matter  of  interest  than 
with  the  idea  of  establishing  valid  cost  values. 
Many  sections  of  rural  highway  studied  were 
traveled    by    line-haul    vehicles    without    ex- 
periencing any  stops  and  with  less  than  two 
slowdowns  per  mile.     Likewise,  certain  urban  i 
sections    of    highway    studied    were    traveled 
by  line-haul  vehicles  with  a  high  incidence! 
of  stops  but  with  less  than  two  slowdowns 
per  mile. 

In  order  to  estimate  the  cost  of  a  stop  the 
entire    fuel    consumption    rate   for    the    rural  < 
travel  with  no  stops  was  subtracted  from  the  i 
fuel-consumption  rate  for  urban  travel  where  t 
a    high    incidence    of    stops    occurred.     Thei 
difference  is  attributed  solely  to  the  effect  of 
stops  because  slowdowns  were  the  same  in  both 
instances.     It  should  be  remembered  though,  I 
that   the   average   stop   was    made    from    26i 
miles   per  hour  in   rural   areas   and   19   miles 
per  hour  in  urban  areas.      Dividing  the  total 
consumption  per  mile  due  to  traffic  stops  by> 
the  number  of  stops  per  mile  gave  the  con- 
sumption rates  per  stop  which  are  shown  in: 
table  15.     Gasoline  consumed  per  stop  showed 
a   definite   increase   as   the   GVW   increased. 
For  example,  if  a  cost  per  gallon  of  fuel  of  30 
cents  is  used,  the  cost  of  a  stop  would  range 
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Figure  10. — Gasoline  consumption  rates,  by 
rate  of  speed  change  per  mile  and  by 
gross  vehicle  weight,  for  line-haul  and 
city  delivery  vehicles. 
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ible  14. — Average  travel  time-consumption  for  trucks  in  line-haul  and  city  pickup  and 
delivery  operations  for  various  rates  of  speed  changes  per  mile 


Type  of  travel 


Rural 

Urban 

City  pickup  and  delivery. 


Average  time  consumption  in  minutes  per  mile  for  the  indicated 
number  of  speed  changes  per  mile 


1.48 
2.35 


1.89 
2.69 


4.39 


2.33 
3.20 


3.05 
3.81 


7.43 


Average 
time  lost 
per  speed 

change 
(minutes) 


0.26 
.27 
.38 


Table  15. — Gasoline  consumption  rates  for 
trucks  in  line-haul  operation  due  to  traffic 
stops,  by  gross  vehicle  weight 


>m  one-half  cent  for  a  GVW  of  17,000  pounds 
more  than  2  cents  for  a  GVW  of  51,000 
iunds. 

Knowing  the  number  of  speed  changes 
ed,  the  proportion  of  stops  and  slowdowns, 
Id  the  magnitude  of  each,  it  is  possible  to 
mpute  the  added  cost  of  fuel  and  travel  time 
a  speed  change  if  the  extra  fuel  and  time 
nsumed  during  the  speed  change  is  known. 
ius,  using  speed  changes  per  mile  as  a 
easure  of  congestion,  the  benefits  may  be 
.mputed  that  accrue  from  highway  improve- 
ments that  reduce  congestion.  It  is  realized 
at  at  present  the  tool  is  rough,  but  it  can  be 


refined.     This   is   planned,    using   digital   re- 
corders instead  of  human  observers. 


Gross  vehicle  weight  (pounds) 

Gallons  per  stop 

Actual 

rate 

Computed 
rate  • 

17,000 

0.014 
.030 
.034 
.044 
.054 
.076 

0.017 
.024 
.034 
.046 
.058 
.073 

21,300 

27,000... 

34,500... 

42,000... 

51,200   .. 

; 
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New  Publication:  Highway  Progress,  1959 


The  Annual  Report  of  the  Bureau  of  Public 
Roads,  Fiscal  Year  1959,  newly  titled  Highway 
Progress,  1959,  is  now  available  from  the 
Superintendent  of  Documents,  U.S.  Govern- 
ment Printing  Office,  Washington  25,  D.C.  at 
40  cents  a  copy. 

Reflecting  the  central  role  of  highway  trans- 
portation in  our  entire  way  of  life,  the  greatly 
expanded  construction  program  launched  by 
the  Federal-Aid  Highway  Act  of  1956  con- 
tinued its  vigorous  growth  during  the  fiscal 
year. 

Highway  usage  also  increased,  with  motor- 
vehicle  registrations  forecast  to  reach  a  record 
high  of  70.4  million  in  the  calendar  year  1959, 
and  travel  by  these  vehicles  pointing  toward  at 
least  700  billion  vehicle  miles. 

The  Bureau  of  Public  Roads  had  set  a 
fiscal  year  goal  of  $3,075  billion  in  Federal-aid 
obligations  for  surveys  and  plans,  right-of-way 
acquisition,  and  construction.  Actual  obli- 
gations of  the  year  reached  $3,223  billion,  as 
compared  with  a  $2.749-billion  total  for  the 
previous  year. 

During  the  fiscal  year  1959,  completions  of 
all  classes  of  Federal-aid  and  Federal  projects 
provided  improvements  on  32,828  miles  of 
roads  and  streets— with  the  growing  use  of 
multilane  highways — that  total  represented 
the  equivalent  of  71,336  miles  of  single-lane 
construction.  Individual  projects  included 
examples  of  the  most  spectacular  and  the  most 
complex  construction  in  highway  history. 
Construction  put  in  place  during  the  year 
called  for  $2,875  billion  of  Federal  funds,  an 
increase  of  74  percent  over  the  previous  year. 

Projects  for  the  construction  of  30,923  miles 
of  improvements  also  were  set  up  during  the 
year  under  the  Federal-aid  and  Federal  high- 
way programs. 

These  extensive  Federal-aid  operations  were 
supported  largely  with  funds  authorized  by  the 


Federal-Aid  Highway  Acts  of  1956  and  1958. 
On  August  1,  1958,  Federal-aid  funds  for  fiscal 
year  1960,  amounting  to  $3.5  billion,  were 
apportioned  to  the  States.  This  brought  the 
total  of  Federal-aid  apportioned  since  passage 
of  the  1956  Act  to  $10.55  billion. 

Federal-aid  improvements  under  the  con- 
tinuing primary,  secondary,  and  urban  pro- 
grams progressed  on  a  larger  scale  than  ever 
before,  but  the  Interstate  System  held  its 
position  as  the  focal  point  of  public  interest  in 
highways.  As  sections  were  opened  to  traffic, 
more  and  more  motorists  began  experiencing 
the  advantages  of  the  controlled-access  free- 
way with  its  relief  from  cross  traffic,  its  greater 
comfort  and  safety,  and  significant  savings  in 
travel  time  and  vehicle  operating  costs. 
Residential,  commercial,  and  industrial  centers 
developed  adjacent  to  the  Interstate  right-of- 
way — -further  indication  of  the  catalytic  role 
of  motor  transport. 

Locating  such  important  highway  facilities 
was  not  left  to  chance.  These  complex  Inter- 
state System  projects  usually  require  several 
years  of  preparatory  work — -planning  and 
surveying,  plus  design  and  right-of-way 
acquisition — before  actual  construction  begins. 
The  progress  report  on  the  Federal-aid  highway 
program,  presented  to  Congress  during  the 
fiscal  year,  showed  that  by  December  31, 
1958,  improvements  substantially  meeting 
approved  standards  and  at  least  adequate  for 
current  traffic,  had  been  completed  on  4,831 
miles  of  the  Interstate  System  and  that  during 
the  calendar  year  1958,  there  were  2,078  miles 
of  high  type  pavement  placed  under  construc- 
tion. 

At  the  end  of  the  fiscal  year  progress  of  the 
Interstate  System  program  was  threatened 
by  two  financial  problems.  The  first  was 
immediate,    and    eminated    from    a    sharply 


accelerated  rate  of  spending  called  for  by  thf 
Federal-Aid  Highay  Act  of  1958. 

Under  the  basic  1956  Act,  the  Federal-ai 
program  is  financed  on  a  pay-as-you-go  bas 
from    Federal    highway-user  taxes  which  % 
into  the  highway  trust  fund.     Net  income  ( 
the   trust   fund   during   the   fiscal   year   w? 
$2.2  billion  while  expenditures  from  the  fun 
for  Federal-aid  highways  amounted  to  $2, 
billion.     This  was  the  first  year  that  expenc 
itures     had     exceeded    receipts.     Apportion 
ments  for  fiscal  1960,  made  under  the  195 
Act,     considerably     outweighed     anticipate 
revenues  to  the  trust  fund.     It  was  recognize; 
that   this   action  would   deplete  the  surplij; 
accumulated    through    earlier    years    of    tb, 
trust  fund  and  would  preclude  apportioninei 
of  any  funds  for  the  Interstate  System  for  tfy 
fiscal    year    1961.     As    the   fiscal    year    195; 
ended,   congressional  action    to   remedy   th|i 
situation  was  pending. 

There  was,  in  addition,  a  long-range  pro! 
lem  of  financing  the  Interstate  System  prci 
gram.  The  new  estimate  of  the  cost  of  coirj 
pleting  the  Interstate  System  presented  I 
the  Congress  during  fiscal  year  1958  showe 
that  Federal  and  State  matching  financin] 
required  after  July  1,  1956,  amounted  t! 
$37.6  billion,  as  compared  with  the  $27.' 
billion  figure  contemplated  in  the  Fedenj 
Aid  Highway  Acts  of  1954  and  1956. 

I  Hiring  fiscal  year  1959  the  Bureau  of  Publi 
Roads  submitted  the  Third  Progress  Report  I 
the  Highway  Cost  Allocation  Study.  Schedule; 
for  presentation  to  Congress  early  in  196)1 
together  with  a  new  detailed  estimate  of  th 
cost  of  completing  the  Interstate  System,  it  j| 
expected  that  these  reports  will  be  of  rei, 
assistance  to  the  Congress  in  its  consideration 
of  appropriate  scheduling  and  financing  c! 
Interstate  and  other  Federal-aid  highwa 
programs. 


Errata 


The  table  State  Legal  Maximum  Limits  of 
Motor  Vehicle  Sizes  and  Weights  Corn-pared 
With  AASHO  Standards,  which  appears  on 
pages  250-251  of  Public  Roads  magazine, 
vol.  30,  No.  11,  December  1959,  requires  a 
correction  in  footnote  references. 

In  the  entries  for  Maryland  and  Ohio,  the 
footnote  references  31  and  44  should  be 
deleted  from  the  column  "Axle  load-pounds, 
Tandem,  Statutory  limit."  In  the  entry  for 
North  Dakota,  footnote  reference  44  should 
be  added  in  the  "5-axle"  and  "Other  com- 
bination" columns  under  the  heading  "Prac- 
tical maximum  gross  weight." 
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A  Symposium  on  Traffic  Accident  Costs 


In  litis  issue,  major  findings  of  motor- 
vehicle    accident    cost    studies    conducted 

n  Massachusetts  and  Utah  are  discussed. 
Cost    data    are    classified    on     the    basis    of 

everily  of  accidents  and  are  further  related 

I  to  the  activities  of  persons  involved  in 
iccidents,  to  the  highway  systems  on  which 
the  accidents  occurred,  anil  to  the  types 
if  vehicles  involved. 

Placing  a  ilolltir  value  on  losses  resulting 
rrom  traffic  accidents  in  no  way  minimizes 
the  personal  tragedy  of  either  traffic  fatui- 
ties or  serious  injuries;  it  is  simply  a  menus 
tf  identifying  and  measuring  financial 
tosses  that  in  turn  can  be  useil  as  a  tool  in 
the  planning  of  both  highway  safety  and 
lighway  improvement  programs. 

Of  the  four  articles  presented  here,  three 
eporl  findings  of  the  Massachusetts  uc- 
ident  cost  study  and  the  fourth  applies  to 
i  similar  study  made  in  Utah.  The  findings 
ire  based  on  data  from  only  two  States,  and 
vhether  similar  patterns  or  trends  obtain 
n  other  States  can  only  be  determined 
vhen  studies  now  under  way  or  planned  for 
he  future  are  completed.  The  data  pre- 
en led.  however,  are  believed  to  be  generally 
ndicative  of  what  may  be  expected  in  oilier 
tates  of  similar  characteristics. 

In  this  analysis,  economic  costs  are  con- 
ined  specifically  to  direct  costs  of  traffic 
iccidents.  Other  direct  costs  in  connec- 
tion with  non-traffic  accidents  ami  traffic 
nd  non-traffic  incidents  are  excluded. 
Son -traffic  accidents  are  those  involving 
notion  but  not  occurring  on  a  public 
oadway.  Traffic  and  non-traffic  incidents 
ire  mishaps  occurring  on  and  off  public 
oadways,  not  involving  motion,  anil  al- 
ributable  to  vandalism,  fire,  and  acts  of 
iod. 

Direct  costs  are  composed  of  the  money 
■alue  of  damage  to  property;  hospitiliza- 
ion;  services  of  physicians,  dentists,  and 
uirses;  ambulance  use;  medicine;  tvork 
ime  lost;  damages  awarded  in  excess  of 
>ther  direct  costs;  attorneys*  services;  court 
ees;  and  other  lesser  items. 

Another  large  segment  of  costs  borne  by 
he  public  are  inilirect  <-osts.  Although 
tot  a  part  of  this  analysis,  they  must  be 
onsidered  in  any  total  view  of  accidents. 
rhey  include  such  items  as  loss  of  future 
■arnings  as  a  result  of  injuries  causing 
leath  or  permanent  disability,  overheat! 
ost  of  motor-vehicle  accident  insurance  as 
veil  as  certain  other  types  of  insurance  with 
iccident  coverage,  property  damage  in- 
lirectly  resulting  from  an  accident,  illness 
>r  death  of  a  person  not  involved  in  an 
iccident  but  traceable  thereto,  public  aid 
or  care  of  indigent  persons  injured  in  motor - 
'ehicle  accidents,  and  expenditures  for 
Iriver  training  and  other  accident  pre- 
tention activities. 
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The  economic  costs  of  motor-vehicle 
accidents  are  discussal  from  four  aspects: 
First,  thecost  in  relation  to  persons  involved 
in  accidents;  second,  thecost  in  relation  to 
the  road  systems;  third,  the  cost  in  relation 
to  passenger  cars  and  trucks;  and  fourth, 
the  cost  in  relation  to  highway  planning 
and  improvement . 

The  Economic  Cost,  of  Traffic  Accidents 
in  Relation  to  the  Human  Element  (p.  34)  dis- 
cusses the  impact  of  traffic  accidents  on  the 
total  population  of  Massachusetts.  It 
shows  that  if  existing  traffic  accident  rates 
are  not  reduced,  every  individual  in  the 
entire  population  of  Massachusetts  would 
be  in  a  motor-vehicle  accident  at  least  once 
every  13  years,  or  5  times  during  his  life. 
The  article  points  out.  however,  that  the 
possibilities  of  being  killed  or  seriously 
injured  are  very  slight. 

Of  the  4.8  million  residents  of  Massa- 
chusetts in  1953,  less  than  8  percent  were 
involved  in  traffic  accidents. 

Of  the  45,472  persons  injured,  421  were 
fatally  injured,  18,045  ivere  seriously  in- 
jured, and  27.01)6  were  superficially  injured. 
Injuries  sustained  in  accidents  caused 
19,405  persons  to  lose  an  average  of  19  days 
uorktime  per  person:  they  hospitalized 
6.67"  persons  for  an  average  of  9.4  days  each. 
Traffic  accident  injuries  permanently  re- 
duced to  some  degree  the  ability  of  2,117 
persons  to  earn  a  living,  ami  they  similarly 
temporarily  affected  another  3,514  persons. 

The  total  direct  cost  of  traffic  accidents  in 
Massachusetts  in  1953  was  more  than  $50 
million,  of  which  fatal  injury  accidents  cost 
$1.6  million;  nonfatal  injury  accidents, 
$28.7  million:  ami  proper! y-damage-only 
accidents,  $19.9  million. 

This  article  points  up  one  significant 
thing — of  the  total  economic  loss  from 
traffic  accidents,  59  percent  was  due  to 
property  damage  alone,  and  41  percent  to 
injuries  ami  related  costs.  The  total  direct 
cost  of  accidents  was  divided  among  six 
major  elements:  Property  ilamage,  $27.6 
million;  treatment  of  injuries,  $3.4  million: 
ivorktime  lost,  $4.5  million;  loss  of  use  of 
vehicle,  $0.4  million;  legal  and  court  fees, 
$5.2  million;  and  awards  ami  settlements. 
$9.1  million. 

The  Economic  Cost  of  Accidents  in  Relation 
to  the  Highway  Systems  (p.  39)  evaluates  the 
efficiency  of  the  Massachuset ts  highway 
systems  from  the  standpoint  of  economic 
losses  through  automobile  accidents.  A 
major  finding  was  that  of  the  131,536  traffic 
accidents  in  Massachusetts  during  1953,  87 
percent  occurred  in  urban  areas.  Likewise, 
87  percent  of  the  direct  costs  tverefrom  acci- 
dents occurring  in  urban  areas. 

Classified  by  highway  systems,  the  cost  of 
fatal  accidents  was  $662,810  on  the  Federal- 
aid  primary  system,  $227,480  on  the  Federal- 


aid  secondary  system,  and  $751,460  on  local 
roads  not  a  part  of  the  Federal-aid  systems. 
In  the  Federal-aid  primary  system.  State 
highways  had  a  decidedly  lower  average 
accident  rate  than  local  roads.  Conversely, 
in  the  Federal-aid  secondary  system  the 
Stale  highways  had  a  much  higher  accident 
rate  than  local  roads. 

In  addition  to  these  general  system  find- 
ings, the  article  demonstrates  that  high- 
ways with  full  control  of  access  experienced 
much  lower  accident  rates,  at  a  given  traffic 
volume,  than  did  those  highways  where 
access  was  not  controlled. 

The  Economic  Cos1  of  Traffic  Accidents  in 
Relation  to  the  Vehicle  (page  44)  compares 
the  accident  experience  of  passenger  cars 
and  trucks  registered  in  Massachusetts.  A 
further  comparison  is  made  of  trucks 
grouped  by  visual  classification  and  by  gross 
weigh  t  classification. 

A  significant  finding  was  that  the  cost  of 
accidents  per  mile  of  travel  for  passenger 
ears  was  nearly  double  that  of  trucks,  with 
the  single  exception  of  cost  per  mile  for  fatal 
accidents.  It  was  also  found  that  both  the 
accident  involvement  rale  and  the  accident 
cost  per  mile  for  passenger  cars  increased 
with  the  age  of  the  car.  but  this  was  not  true 
of  trucks. 

Truck- tractor-semi  trailer  combinations 
had  the  best  accident  record  among  the 
truck  groups,  on  the  basis  of  exposure,  with 
the  sole  exception  of  a  higher  fatal  involve- 
ment rale  and  fatal  accident  cost  per  mile. 
Panel  and  pickup  trucks,  together  with  the 
2-axle,  6-tire  trucks,  accounted  for  82  per- 
cent of  the  truck  registrations,  73  percent  of 
the  truck  travel.  74  percent  of  all  truck  in- 
volvements in  accidents,  and  80  percent  of 
the  truck  incident  costs. 

An  important  relation  developed  with  re- 
gard to  registered  gross  weight  was  the 
decrease  of  accident  cost  per  mile  as  the 
gross  weight  increased.  liolh  the  involve- 
ment rale  and  accident  cost  per  mile  of  tin- 
heaviest  group  of  trucks  were  the  most 
favorable  when  compared  to  those  of  all 
other  trucks. 

The  Economic  ('<»t  of  Traffic  Accidents  in 
Relation  to  Highway  Planning  (p.  49) points 
up  the  value  of  traffic  accident  cost  data  to 
the  highway  planner  in  evaluating  ami 
scheduling  highway  improvement . 

The  article  also  compares  the  frequencies 
and  costs  of  traffic  accidents  in  Utah  in  1955 
with  the  results  found  in  the  1953  Massa- 
chusetts study.  '  Despite  dissimilarities 
in  geographic  characteristics  ami  popula- 
tion densities,  the  relative  distributions  of 
accidents  in  tin-  two  States  were  quite  con- 
sistent. As  to  costs,  regardless  of  severity 
or  type,  accidents  were  more  costly  in  Utah 
than  in  Massachuset  Is. 


i  The  Economic  Costs  of  Motor-  \  'eh  kit  Accidents  of  Different 
Types,  by  Robie  Dunman,  Public  Roads,  vol.  30,  No.  2, 
June  1958.    The  basic  data  from  that  article  are  included  in 

the  tables  on  p.  50  of  ihi^  i    !). 
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The  Economic  Cost  of  Traffic  Accidents 

in  Relation  to  the  Human  Element 


li)    THE  DIVISION  OF  TRAFFIC  OPERATIONS 
111  RE  IF  OF  PUBLIC  ROADS 


Reported  by  >  ROBIE  DUNMAN 
Transportation  Economist 


EXTENSIVE  use  of  traffic  accidenl  cosl 
data  developed  by  the  Massachusetts  De- 
partment of  Public  Works  and  by  the  Massa- 
chusetts Registry  of  Motor  Vehicles  in  cooper- 
ation with  the  U.S.  Bureau  of  Public  Roads 
was  made  in  the  Congressional  report  The 
Federal  Role  in  Highway  Safely.2  These  data 
have  also  been  used  as  the  basis  of  other  re- 
|ii  ii  t  s  relating  economic  costs  to  accident  types, 
characteristics  of  the  street  and  highway  sys- 
tems, and  to  the  characteristics  of  motor 
vehicles.  This  article,  using  data  from  the 
same  source,  relates  the  economic  cost  of 
motor-vehicle  traffic  accidents  to  persons. 

Comparisons  involving  passenger  cars  of 
Massachusetts  registry  in  1  <>5:>  are  made  of 
the  accident  experience  of  automobile  drivers, 
passengers,  pedestrians,  and  other  persons  in- 
volved in  motor-vehicle  traffic  accidents.  The 
number  of  accidents,  the  number  of  persons 
involved,  the  number  of  persons  injured  fatally, 
seriously,  and  superficially,  the  number  hospi- 
talized, and  the  number  permanently  and 
temporarily  disabled  are  discussed.  Equally 
important,  the  cost  of  accidents  and  injuries 
is  revealed. 

Injury  rates  and  injury  cost  rates,  number 
of  persons  injured  per  100,000  population,  and 
the  per  capita  cost  of  their  injuries  show  the 
relative  economic  importance  of  the  accidents 
and  injuries  experienced  by  each  class  of 
persons. 

The  Massachusetts  study  of  the  economic 
cost  of  motor-vehicle  accidents  encompassed 
the  total  driving  experience  of  all  licensed 
operators  of  passenger  cars  and  cargo-carrying 
vehicles  of  Massachusetts  registry,  including 
those  who  experienced  accidents  and  those 
who  did  not,  in  the  operation  of  passenger  cars 
during  1953,  within  or  outside  the  State,  and 
in  the  operation  of  cargo-carrying  vehicles 
during  1955.  However,  the  discussion  in  this 
article  is  confined  to  the  accident  experience  of 
Massachusetts  licensed  passenger-car  operators 
and  persons  in  motor-vehicle  traffic  accidents 
involving  passenger  cars  on  public  streets  and 
highways  of  the  Stale.  This  article  excludes 
accident  experience  of  truck  operators,  the 
number  and  cost  of  accidents  occurring  on 
private  property,  and  the-  number  and  cost  of 
mishaps  involving  acts  of  vandalism  and  acts 
of  God. 

Statistical  studies  of  the  motor-vehicle  acci- 
dent costs  were  based  on  a  probability  sample 

'  Presented  at  the  39th  Annual  Meeting  of  the  Highwaj 
Re  earch  Hoard,  Washington,  lit'  .  January  1960. 
'■'  House  Document  No. 93.  siith  Congress,  lsl  Session,  1959. 


designed  to  be  accurate  within  10  percent. 
To  determine  the  number  of  persons  involved 
in  fatal  accidents,  original  accident  reports 
were  reviewed  and  the  number  of  persons 
reported  represents  a  firm  figure.  The  number 
of  drivers  involved  in  nonfatal  injury  and 
property-damage-only  accidents  was  unavoid- 
ably slightly  inflated  because  a  driver  who  was 
involved  in  more  than  one  accident  during  the 
year  was  counted  as  one  driver  each  time  he 
was  involved  in  an  accident.  The  number  of 
passengers  involved  in  accidents  was  estimated 
on  the  basis  of  an  average  passenger-car 
occupancy  of  1.6  persons.  The  number  of 
pedestrians  and  "other"  persons  nonfatally 
injured,  however,  was  obtained  from  the 
original  accident  reports. 

Costs  reflected  in  this  article  are  direct  costs 
and  consist  exclusively  of  the  money  value  of 
damage  to  property,  injuries  to  persons,  work- 
time  lost,  loss  of  use  of  vehicle,  legal  and  court 
costs,  damage  awards  in  excess  of  actual  cost, 
and  small  miscellaneous  items.  The  number 
of  persons  losing  worktime  includes  only  those 
employed  in  gainful  occupat  ions.  The  number 
of  workdays  lost  includes  time  lost  for  treat- 
ment of  injuries,  for  convalescence,  and  for 
settlement  of  claims. 

The  activity  class,  "others,"  used  through- 
out this  article,  consists  of  persons  using  con- 
veyances  other  than  motor-vehicles — such  as 
bicycles,  horsedrawn  vehicles,  and  trolley  cars. 

Physical  injury  t  hat  impaired  earning  capac- 
ity is  referred  to  as  disability.  The  degree  of 
disability  as  used  is  a  measure  of  the  extent 


to  which  persons  injured  in  motor-vehich 
traffic  accidents  were  handicapped  in  making 
a  living.  There  are  two  classes  of  disability- 
temporary  disability  and  permanent  disability 
Under  the  temporary  disability  class,  there  an 
two  degrees  of  disability — total  and  partial 
The  degree  of  permanent  disability  is  ex- 
pressed in  percentages  of  25,  50,  75,  and  100 
The  data  regarding  persons  permanenth 
and  temporarily  disabled  as  a  result  of  motor 
vehicle  traffic  accidents  in  Massachusetts 
appeared  to  be  incomplete  and  therefore  no 
usable  in  this  analysis.  However,  rathe 
than  include  no  information  on  this  importan 
part  of  the  problem,  an  approximation  wai 
derived  by  applying  to  the  number  of  person: 
injured  in  Massachusetts,  the  percentage  o 
persons  injured  that  were  disabled  in  thi 
State  of  Utah,  where  a  similar  study  waj 
being    conducted. 

Persons  in  Accidents 

In  1053,  the  population  of  Massachusetts 
was  4,773,000.  Of  this  total,  302,280  person 
were  involved  in  131,530  motor-vehicle  traffii 
accidents.  Table  1  shows  the  number  o 
accidents  and  their  severity,  the  number  o 
persons  in  accidents,  the  severity  of  theill 
injuries,  and  their  activity  at  the  time  of  th 
accident. 

The  most  significant  point  drawn  from  tabl<] 
]   was  the  great  number  of  persons  involved 
and    the   relatively   small   number  of  person 
killed    and    injured    in    motor-vehicle     traff 
accidents.      The  302,280  persons  involved  ii 


Table  1. — Number  of  persons  in   traffic  accidents  involving  passcn«cr  cars,  classified  l>j 

severity  of  accidenl  and  activity 


Item  of  comparison 


Involvements: 
Severity  of  injuries 

Persons  fatally  injured 

Persons     nonfaially     in- 
jured  

Persons  not  injured 

Total  persons  involved- 
Activity  of  persons: 

Drivers 

Passengers 

Pi  destrians 

Others . 

Total  persons  invoh  ed 

Accidents: 

Number  ol  accidents 

Persons  per  accident 

Persons    injured     per    acci- 
denl      


Severity  of  accident 


Fatal 


Number 


168 

129 

718 

344 
206 
158 

III 

71s 


315 
2.3 


Percent 
of  total 


58  o 

23.  4 

18.0 

100.0 

-17.9 
28.7 
22.0 
1.4 
100.0 


Nonfatal  injury       Property-damage-only  All  accidents 


Number 


it  ss:; 
18,751 
93,  631 

54,  260 

32,  551) 
5,  735 

1,083 

93,634 


33,  270 
2.8 


1.3 


Percent 
of  total 


47.9 
52.  1 
100.0 

57.  II 

34.8 

(i.  1 

1    2 

10(1.  0 


Number 


267,  928 

2(17  928 


167,455 

100, 473 


267,  928 


97,  951 
2. 


Percent 
of  total 


100.0 
100.0 


62.5 

37.5 


mo  n 


Number 


421 

45, 051 
316.808 
362,  280 

222, 059 
133,235 

5,  S!I3 
1,093 

3(12.  2811 


131,531! 

2.7 


IVicenl 
of  total 


12.4 
87.5 
100.0 

61.3 

36.8 

1.6 

.3 

100.0 
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motor-vehicle  traffic  accidents  during  1953 
represented  one  out  of  every  13  persons,  or 
7.6  percent  of  the  total  population.  However, 
of  all  the  persons  involved  in  motor-vehicle 
traffic  accidents  only  45,472,  or  12.5  percent, 
were  either  fatally  or  nonfat  ally  injured. 
The  vast  majority  of  persons  involved, 
316,808  (87.5  percent),  experienced  no  injury 
whatever. 

In  the  distribution  of  persons  involved  in 
motor-vehicle  traffic  accidents  by  their  activity 
at  the  time  of  accident,  there  were  more 
drivers  involved  in  accidents  than  there  were 
ersons  in  the  other  three  activity  classes 
combined.  Of  the  total  persons  involved  in 
iccidents  61.3  percent  were  drivers,  36.8 
percent  were  passengers,  1.6  percent  were 
pedestrians,  and  0.3  percent  were  others. 

An  interesting  distribution,  presented  ir 
igure  1,  is  the  makeup  of  accidents  of  differ- 
ent severity.  All  persons  in  fatal  injury 
iiccidents  were  not  killed  and  all  persons  in 
lonfatal  injury  accidents  were  not  injured. 
(For  example,  two  cars,  each  with  two  occu- 
oants,  may  have  collided.  One  occupant 
nay  have  been  fatally  injured,  another  non- 
at.illy  injured,  and  the  other  two  occupants 
nay  have  avoided  injury  entirely.)  Of  the 
r18  persons  involved  in  fatal  injury  accidents, 
59  percent  were  killed,  23  percent  were  non- 
atally  injured,  and  18  percent  sustained  no 
njuries  whatever.  Of  the  93,634  persons 
evolved  in  nonfatal  injury  accidents,  48 
jercent  were  injured  and  52  percent  were  not 
nj  tired. 

In  terms  of  number  of  accidents  rather  than 
nvolvement  of  persons,  it  may  be  noted  from 
able  1  that  of  the  131,536  accidents  reported 
5  percent  were  property-damage-only  acci- 
Lents,  and  only  0.2  percent  were  fatal  injury 
ccidents. 

Persons  Injured  and  Injury  Rates 
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FATAL    INJURY 
ACCIDENTS 


NONFATAL     INJURY 
ACC10ENTS 


Figure  1. — PervenUtiiv  distribution  of  per- 
sons involved  in  accidents,  classified  by 
severity  of  injury. 

traffic  accidents  were  seriously  and  super- 
ficially injured.  This  latter  chart  points  up 
the  superficial  nature  of  the  majority  of  traffic 
accident  injuries  and  also  shows  that  a  much 
higher  percentage  of  drivers  were  seriously 
injured  than  any  other  activity  group. 
Furthermore,  it  shows  that  most  pedestrians 
not  fatally  injured  were  only  superficially 
injured. 

Age  and  sex  of  persons  injured 

Table  3  shows  the  number  of  persons  and 
the  number  per  100,000  population  in  each 
age  and  sex  group  that  were  injured  in  traffic 
accidents,  classified  by  severity  of  injury. 
Of  every  100,000  persons  in  the  State,  953 
were  injured  in  a  traffic  accident  during  the 
year  and  the  majority  of  those  injured  were 
male  persons.  A  total  of  25,579  males  were 
fatally  and  nonfatally  injured,  or  1,107  males 
per  100,000  male  persons. 

Categorized  by  age  groups,  more  persons 
from  30  to  39  years  of  age  were  injured  than 
in  any  other  age  group,  and  the  next  largest 


TOTAL    PERSONS    FATALLY    INJURED 
,      PER     100,000    POPULATION:    8.8 

DRIVERS       PASSENGERS    PEDESTRIANS   OTHERS 
ACTIVITY 
Figure    2. — Fatal  injury    rale,    classified    by 
activity. 

category  was  the  20-29  age  group.  Of  all 
persons  injured  43  percent  were  in  these  two 
age  groups.  However,  of  more  importance 
from  the  economic  point  of  view,  70  percent 
of  the  persons  injured  were  from  20  to  59 
years  of  age — the  ages  supplying  most  of  the 
labor  force  of  the  State. 

In  every  age  group  except  one,  male  persons 
had  a  higher  fatal  injury  rate  than  females; 
and  in  the  one  exception  the  rate  was  the 
same  for  both  sexes.  In  the  20-29  age  group 
for  males  and  in  the  50  and  over  age  groups 
for  both  males  and  females,  a  relatively  high 
fatal  injury  rate  occurred.  The  higher  rates 
in  the  older  age  groups  were  believed  to  have 
been  largely  brought  about  by  pedestrian 
deaths. 

Turning  to  the  nonfatal  injuries  per  100,000 
in  each  age  and  sex  group  (table  3),  males  had 
a  higher  rate  at  every  age,  with  only  the 
youngest  age  group  evidencing  a  closeness. 
Males  in  the  20-29  and  30-39  age  groups 
had  the  highest  injury  rate,  and  females  60 
and  over  had  the  lowest  nonfatal  injury  rate. 

Persons  hospitalized 

The  number  of  persons  nonfatally  injured 
in  traffic  accidents  that  were  hospitalized  is 
shown  in  table  4.  One  of  the  most  remarkable 
items  derived  from  the  1953  Massachusetts 
accident  study  was  evidence  of  the  relatively 


Table  2. — Number  of  persons  in  traffic  accidents  and  number  per  100,000  population, 
classified  by  severity  and  activity 


Activity  of  person? 

Persons  injured 

Total 

not 

injured 

Total 
involved 
in  acci- 
dents 

Fatally 

Nonfatally 

Total 

injured 

Seriously 

Super- 
ficially 

Total 

Involvements: 

102 
151 
158 
10 
421 

2.1 
3.2 
3.3 

.2 
8.8 

12,800 

4,  275 

770 

200 

18.045 

2HH 

89 

16 

5 

378 

9.434 
12,914 

3,775 

883 

27,006 

198 

271 
79 
IS 

566 

22,  234 

17,  1S!I 

4,  545 

1,083 

15,051 

466 

3611 

95 

23 

IMI 

22,  336 

17.340 

1.  703 

1.093 

45,  472 

168 

363 
69 
23 

953 

199,  723 
115,  89 
1,  190 

222,059 

133,  235 
5,  893 
1,093 

362.  280 

4.  652 

2.  761 

124 

23 

7,  .Vill 

Others 

316,808 

4,  1S4 
2,  128 

25 

Involvements  per  100,000  popu- 
lation: 
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DRIVERS       PASSENGERS     PEDESTRIANS       OTHERS 
ACTIVITY 
Figure  3. — Nonfatal  injury  rale,  classified  by 
t    activity  ami  severity. 

small  miniber  of  nonfatally  injured  persons 
that  required  hospitalization.  Only  15  per- 
cent of  the  persons  nonfatally  injured  spent 
time  in  the  hospital  as  a,  result  of  their  in- 
juries. Table  4  also  shows  that  the  6,647 
persons  confined  to  the  hospital  remained  there 
a  total  of  62,148  days  or  an  average  of  9.4 
days  per  person. 

During  1953,  of  the  45,051  persons  non- 
fatally injured,  16, '204,  or  35.9  percent  were 
examined  in  a  hospital  after  the  accident. 
Of  those  examined,  6,647  were  confined  while 
9,557  persons  were  released  from  the  hospital 
immediately  after  receiving  emergency  treat- 
ment. There  were  28,847  persons,  or  61.4 
percent  of  all  the  persons  nonfatally  injured, 
that  were  either  treated  outside  hospitals  or 
received  no  professional  treatment.  These 
figures  are  additional  evidence  of  the  super- 
ficial nature  of  a  large  majority  of  traffic 
accident  injuries. 

Only  10  percent  of  the  passengers  that  were 
injured  required  hospitalization,  as  compared 
with  16  percent  of  the  drivers  and  25  percent 
of   the   injured   pedestrians.     Persons   in   the 


"other"  category  that  were  hospitalized  had 
the  highesl  percentage  rale,  but  the  number 
of  persons  in  this  category  represented  less 
than  3  percent  of  the  total  number  of  persons 
injured. 

Considered  by  activity  class,  over  one-half 
of  the  persons  requiring  hospitalization  were 
drivers,  one-fourth  were  passengers,  and  one- 
sixth  were  pedestrians. 

Table  4. — Number  of  persons  nonfatally 
injured  in  accidents  and  time  in  hospital 
as  the  result  of  such  injuries 


Table  5. — Number  of  persons  nonfatally 
injured  in  accidents  anil  worktime  lost 
from  such  injuries 


Total 

Aver- 

pei sons 

Persons 

Days  in 

age 

\i  livitv 

non- 

hospital- 

hospital 

clavs  in 

fa  Ui  11  v 

ized 

hospi- 

injured 

tal 

1  >!  1  \  ITS 

22.  234 

3,  624 

33.  804 

9.3 

Passengers  .. 

17.  189 

1,630 

15.020 

9.2 

Pedestrians- 

4,  545 

1.115 

10,  580 

9.5 

Others.  

1,083 

278 

2.  744 

9.9 

Total  or 

average 

45,051 

6,647 

62,  14* 

9.4 

Worktime  lost 

The  number  of  nonfatally  injured  persons 
losing  worktime  and  the  amount  of  worktime 
lost  as  a  result  of  motor-vehicle  traffic  acci- 
dents, shown  in  table  5,  revealed  the  interest- 
ing point  that  more  than  one-half  of  the 
persons  injured  did  not  lose  time  from  work. 
This  situation  appeared  to  be  brought  about 
by  two  factors:  First,  many  injured  persons 
were  not  members  of  the  labor  force,  and 
second,  three-fifths  of  the  nonfatal  injuries 
were  of  a  superficial  nature.  The  average 
number  of  work  days  lost  per  person  was  19 
days. 

Of  the  22,234  drivers  nonfatally  injured, 
60  percent  lost  time  from  work,  whereas  a 
similar  comparison  for  passengers  and  pedes- 
trians show  percentages  of  28  and  23,  re- 
spectively.  Of  the  19,405  persons  losing 
worktime,  drivers  accounted  for  68  percent; 
passengers,  25  percent;  pedestrians,  6  percent; 
and  others,  1  percent. 

Persons  Disabled 

Table  6  shows  the  number  of  persons  injured 
in  traffic  accidents  that  were  disabled,  and  the 
disability   rate   per    100,000    population.      As 


Table   3. 


-Number  of  persons   injured   in   accidents   ami    number   injured    per   100,000 
population,  classified  by  age,  sex,  and  severity 


Age  of 

persons 

Males  injured 

Females  injured 

All  persons  injured 

Fatally 

Nonfatally 

Total 

Fatally 

Nonfatally 

Total 

Fatally 

* 
Nonfatally 

Total 

N'umber 
injured 
Under  10. .. 
111-19 

20-29 

30-39  

40-49 

50-59      

60  and  ovei 
Total.  „ 

N'umber  per 

100,000: i 
Under  10... 

10-19 

20-29 

30-39.. 

40-49 

50-59 

60  and  over. 
Total.  . 

25 
26 
59 
25 
22 
36 
75 
268 

5 

s 
19 

7 

14 
23 
12 

2,993 
3, 070 

5,  187 
5,  579 
3.668 
2,  958 
1,856 
25,311 

653 
965 
1,673 
1,631 
1,207 
1.  16(1 
575 
1,095 

3,018 
3,096 
5,  246 
5,604 

3.  690 
2.  994 
1,931 

25,  579 

658 
973 
1, 692 
1,638 
1,214 
1.174 
598 
1,107 

12 

6 
13 

6 
41 
68 
153 

3 

2 
4 
2 
2 
14 
17 
6 

2,238 
1,694 
4,  542 
4,297 
2,741 
2,  776 
1.452 
19.  740 

510 
546 
1.402 
1.  161 
818 
951 
369 
801 

2,250 
1.711(1 
4.  555 
4,304 
2.747 
2,817 
1,520 
19, 893 

513 
548 
1,406 
1. 163 
820 
965 
386 
807 

37 
32 
72 
32 
28 
77 
143 
421 

4 
5 
11 
4 

4 
14 
20 

9 

5, 231 
4.  764 
9,729 
9,  876 
li.  109 
5.734 
3,308 
45,051 

583 

759 
1,  535 
1,387 
1,003 
1.048 
462 
944 

5, 268 
4.796 
9,801 
!i. '(lis 
6,  437 
5,811 
3,  451 
45,  472 

587 

764 

1.546 

1,391 

1,007 

1,062 

482 

953 

Total 

Total 

Weragj 

persons 

Persons 

work- 

wurk- 

Activil  \ 

non- 

losing 

days 

<lavs 

fatally 

worktime 

lost 

lOSl    pel 

injured 

pel  -nil 

Drivers 

22.  234 

13,261 

271,170 

211   4 

Passengers... 

17. 189 

4.880 

711,  7!i;, 

14.5 

Pedesti  ians 

1,545 

1.053 

23.  107 

21.9 

Others 

1,083 

211 

4,200 

211  II 

Total  or 

average.. 

45,051 

19.  405 

369,272 

19.0 

mentioned  earlier  in  this  article,  the  distribu- 
tion made  according  to  degree  of  disability 
was  based  on  percentage  data  provided  by 
Utah.  On  this  basis,  of  the  45,051  persons 
nonfatally  injured  in  traffic  accidents  in 
Massachusetts,  2,117  were  permanently  dis- 
abled to  some  degree,  and  3,514  were  tempo- 
rarily disabled  either  totally  or  partially. 
It  is  important  to  note  that  of  all  those  persons 
nonfatally  injured  only  225  suffered  totali 
permanent  disability,  or  a  rate  of  less  than 
5  persons  per  100,000  population. 

Table  6  also  indicates  the  relative  impor- 
tance of  temporary  and  permanent  disabilities 
in  the  overall  traffic  accident  injury  picture. 
Numerically,  disabilities  are  relatively  small' 
but  from  an  economic  point  of  view  they  ac- 
count for  a  sizeable  portion  of  every  accident 
direct  cost  dollar.  Considering  the  perma- 
nently disabled,  only  a  small  proportion  had 
total  disability.  In  contrast,  almost  65  per- 
cent of  the  permanently  disabled  group  were| 
in  the  25-percent  disability  group. 

Total  Direct  Cost  of  Accidents 

The    total     direct     cost    of    motor- vehicle 
traffic  accidents  is  summarized  in  table  7  bj 
severity    of   accident   and    by    cost   elements 
In  considering  the  direct  cost  of  motor-vehicle j 
accidents   it  is   necessary  to   distinguish  be- 
tween   property    damage    costs,    which    maj 
occur  in  any  type  of  accident,  and  property- 
damage-only    accidents.       Property    damage! 
relates  to  an  element  of  cost  of  an  acciden" 
whereas    the    property-damage-only    acciderm 
refers    to    the    severity    class    of   an    accidei 
where    no    injuries    were    sustained.       Tot; 
property   damage   costs   of  property-damagt 
only  accidents  amounted  to  $17,900,000,  whic 

Table    6. — Number    of    persons    nonfalalb 
injured  and  the  extent  of  their  disability 


Degree  of  disability 

Number 
of  persons 
nonfatally 

injured  ' 

Persons 
nonfatally 
injured  per 

100.000 
population 

Permanent  disability: 
Total 

225 

180 

360 

1,352 

2,117 

2,435 
1,079 
3,514 

5,631 
39.  420 
45,051 

4,7 
3.8 
7.  5 
28.3 
44.3 

51.0 
22.  6 
73.6 

118.0 

S26.0 
944.0 

Subtotal 

Temporary  disability: 

Total 

Partial 

Subtotal 

Total  disabled 

Total  not  disabled   .         

Total  injuries      

'  Number  of  persons  injured  per  100,000  in  eaeh  age  and  sex  group. 


1  Distribution  of  persons  according  to  degree  of  disability 
was  derived  from  data  provided  by  the  State  of  Utah,  wher 
a  similar  accident  cost  study  was  conducted. 
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Table  7.— Total  direct  cost  of  traffic  accidents  by  cost  elements  and  severity 

of  accident 


Cost  elements 


Property  damage: 

Vehicle-..— 

Other  property.- 

Subtotal 

Injury  treatment: 

Doctors  and  dentists..     

Hospital 

Ambulance 

Miscellaneous 

Subtotal 

Incidental  costs: 

Loss  of  vehicle  use 

Value  of  time  lost 

Legal  assistance  and  court  fees.. 

Damage  awards  and  settlement 

Subtotal 

Total 


Severity  of  accident 


Fatal 
injury 


($1,000) 
238 
2 
2411 

25 
24 

2 

3 
54 

6 

32 

293 

1.017 

1,348 

1,642 


Nonfatal 

injury 


($1,000) 
9,  352 

III.' 

9.  454 

2,038 

1.  117 
50 
139 

3,  350 

105 
4.0111 

4.  33S 
7.  380 

15,884 

28,  688 


Total 

injury 


($1,000) 
9,590 
KM 
9.  694 

2,063 

1,141 

58 

142 

3,404 

111 
4.093 
4.  031 
S,:t97 
17,232 

30,330 


Property- 

damage- 

only 


($l,niiii) 
17,72.' 
204 
1 7,  920 


24S 
473 
558 
689 

1.90S 

19.  S01 


All 
accidents 


($1,000) 
27,312 
308 

27,  620 

_Mii,:; 

1,  141 

58 

142 

3.404 

359 

4,  560 

5,  1S9 

9,086 

19,  200 

50.  224 


•as  almost  twice  the  property  damage  costs 
i  total  injury  accidents.  This,  however,  was 
p  be  expected  because  of  the  much  greater 
umber  of  property-damage-only  accidents. 
Yhiii  all  the  other  elements  of  costs  wen-  con- 
idctetl  with  the  property  damage  costs,  till 
(ljury  accidents  cost  52  percent  more  than 
(lie  property-damage-only  accidents. 


The  average  accident  cost  dollar,  illustrated 
in  figure  4  for  each  severity  class  and  for  each 
of  the  elements  of  cost,  vividly  describes  the 
makeup  of  the  $50,224,000  spent  on  accidents 
in  Massachusetts  during  1953.  A  mosl  sig- 
nificant fact  is  that  the  cost  of  property  dam 
age  was  greater  than  that  of  till  other  elements 
of  accident   cost  combined.     The  minor  eco- 


FATAL-INJURY- ACCIDENT 
COST    DOLLAR 


WORKTIME 
LOST     2i 


TREATMENT 

OF  INJURIES  3$ 


LEGAL  AND 
COURT  FEES 


PROPERTY-  DAMAGE-  ONLY- 
ACCIDENT  COST    DOLLAR 


LOSS  OF  USE 
OF  VEHICLE 


WORKTIME 
LOST  2$ 


AWARDS  AND 
SETTLEMENTS  4* 


NONFATAL-INJURY-ACCIDENT 
COST    DOLLAR 


TREATMENT 
OF    INJURIES 


AVERAGE    ACCIDENT 
COST    DOLLAR 


AWARDS  AND 
SETTLEMENTS 


LEGAL  AND 
COURT  FEES 


nomic    role    of    the    treatment    of    injuries    as 
a  cost  element  is  also  indicated. 

The  "fatal  injury  accident  dollar"  is  repre- 
sentative of  the  $1,642,000  spent  on  fatal 
accidents  during  1953.  Ii  illustrates  the 
overriding  economic  importance  of  damage 
awards  and  settlements,  which  in  this  instance 
largely  represents  the  value  of  human  life. 
The  "fatal  injury  accidenl  dollar"  also  shows 
that  there  is  a  fairly  large  element  of  property 
damage  cost  even  in  this  most  serious  severity 
class  of  accident. 

The  "nonfatal  injury  accident  dollar"  repre- 
sents the  $28,688,000  spent  on  nonfatal 
injury  accidents  during  the  12-month  period. 
In  the  breakdown  of  this  cost  dollar  the  work- 
time  loss  cost  more  than  the  treatment  of 
injuries,  and  properly  damage  accounted  for 
one-third  of  the  total  cost  of  nonfatal  injury 
accidents.  Also,  legal  and  court  fees  (15 
cents  out  of  the  dollar)  cost  more  than  half 
as  much  as  awards  and  settlements  (26  cents 
ou I  of  the  dollar). 

The  "property-damage-only  accident  dol- 
lar" is  representative  of  the  $19,894,000 
spent  on  property-damage-only  accidents 
during  (he  year.  The  significant  thing  aboul 
this  diagram  is  that  there  were  elements  of 
cost  other  than  property  damage  which 
accounted  for  10  cents  out  of  every  property- 
damage-only  accident  dollar. 

Table  8. — Direct  cost  of  injuries  by  severity 
of  injury  and  activity 


Activity  of 
persons  injured 

Fatally 

injured 

Nonfatally 

injured  ' 

All  persons 
injured 

Drivers 

($1,000) 

156 

378 

824 

44 

1.  102 

($1,000) 

11.552 

5.040 

2,305 

331 

19,234 

($1,000) 

11.  70S 

5.  424 

3,  129 

375 

2il.03i: 

Passengers 

Pedestrians 
Others 

Total. 

Figure  4. — Direct  cost  of  traffic  accidents  shown  as  fractional  parts  of  a  dollar. 


{13,906,000    cost  of  seriously  injured;  $5,328,000— cost  of 
superficially  injured. 

Cost  of  injuries  by  activity 

The  direct  cost  to  persons  fatally  and  non- 
fatally injured  in  motor-vehicle  traffic  acci- 
dents is  arrayed  in  table  8  by  activity.  The 
study  did  not  provide  a  breakdown  of  costs 
for  seriously  and  superficially  injured  persons 
according  to  their  activity,  hut  in  total  the 
amounts  were  $13,906,000  and  $5,328,000, 
respectively.  The  $20,636,000  Cost  of  injuries 
is  the  total  direct  cost  of  fatal  and  nonfatal 
accidents,  less  the  cos!  of  property  damage 
incurred  in  them,  as  shown  in  table  7. 

Over  half  of  the  total  traffic  accident  injury 
cost  was  borne  by  drivers,  who  experienced 
approximately  twice  as  much  injury  cost  as 
passengers.  Average  injury  costs  per  person 
involved  are  calculated  to  be  $524  for  drivers, 
$313  for  passengers,  $665  for  pedestrians, 
and  $343  for  all  other  injured  persons. 

The  average  direct  cost  of  injuries  sustained 
by  persons  in  traffic  accidents,  classified  by 
the  severity  of  injury,  is  shown  in  figure  ■'< 
The  average  cost  of  a  fatal  injury  was  $3,300, 
which  was  4  times  the  amount  expended  for 
the  serious  nonfatal  injury,  and  17  times  the 
cost  for  the  superficial  nonfatal  injury.  How- 
ever, this  comparison  gives  an  erroneous  idea 
of  the  economic  importance  of  fatal  injuries 
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Figure  5. — Average  direct  cost  of  injuries 
sustained  in  accidents,  according  to 
severity  of  injury. 


unless  the  total  costs  and  number  of  persons 
are  considered.  The  serious  nonfatal  injuries, 
in  total,  cost  almost  10  times  as  much  as  fatal 
injuries.  Referring  back  to  table  2,  there 
were  18,045  persons  seriously  injured,  as 
compared  to  421  persons  fatally  injured. 

Cost  of  injuries  by  age  and  sex 

Table  9  shows  the  direct  cost  of  injuries  to 


persons  in  accidents  by  the  severity  of  their 
injuries  and  by  their  age  and  sex.  It  also 
shows  the  injury  cost  rate  per  100,000  population 
for  the  different  groups.  Among  the  important 
facts  observed  was  that  nonfatal  injuries, 
$403,000  per  100,000  persons,  cost  approxi- 
mately 14  times  as  much  as  fatal  injuries, 
$29,000  per  100,000  persons;  and  that  the  cost 
of  injuries  to  males  exceeded  the  cost  of  in- 
juries to  females  by  11.4  percent.  In  the  in- 
juries of  males,  the  nonfatal  cost  was  10  times 
as  great  as  the  cost  of  their  fatal  injuries; 
while  in  the  injuries  of  females,  the  nonfatal 
injury  cost  was  23  times  as  great  as  the  cost  of 
their  fatal  injuries. 

The  per  capita  cost  of  fatal  injuries  resulting 
from  motor-vehicle  traffic  accidents,  calculated 
by  dividing  injury  cost  by  the  number  of  per- 
sons (total  population)  in  each  age  and  sex 
group,  shows  that  the  age  groups  of  20-29  and 
over  50  had  the  highest  injury  cost  rates. 
The  high  cost  rate  in  the  20-29  year  group 
would  appear  to  reflect  the  high  injury  rate 
and  the  greater  exposure  to  accidents  of  this 
age  group.  The  extremely  high  rates  for  per- 
sons over  50  years  of  age  reflects  two  things: 
increased  earning  power  that  comes  with  age 
and  experience,  and  failing  physical  character- 
istics that  come  with  age. 

The  per  capita  costs  of  nonfatal  injuries  re- 
sulting from  traffic  accidents  are  shown  in 
figure  6,  calculated  in  exactly  the  same  way 
used  for  calculating  the  per  capita  cost  of  fatal 
injuries.      The  cost  of  injuries  to  males  gener- 
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Figure  6. — Per  capita  direct  cost,  within 
each  age  and  sex  group,  of  nonfatal 
injuries. 

ally  increased  with  age — the  40-49  and  the 
over  60  age  groups  being  the  only  exceptions. 
The  higher  value  of  worktime  lost  and  the 
slower  rate  of  recovery  in  the  50-59  age  group 
are  clearly  reflected  in  this  chart. 


Table  9. — Direct   cost    to  persons  injured   in  accidents  and  costs   per   100,000   persons, 
classified  by  age,  sex,  and  se\erity  of  injury 


Age  of  persons 

Males  injured 

Females  injured 

All  persons  injured 

Fatally 

Xon- 
fatally 

Total 

Fatally 

Xon- 
fatally 

Total 

Fatally 

Xon- 
fatally 

Total 

Cost  to  persons 
injured: 
Under  10 
10-19      

($1,000) 
112 
67 
147 
96 
81 
141 
370 

539 
739 
1,766 
2,333 
1,678 
2.074 
1.009 

($1,000) 
651 
804 
1.913 
2,  429 
1.759 
2.215 
1.379 

($1,000) 
50 
19 
44 
10 
30 
42 
193 

($1,000) 

424 

619 

1.594 

1.591 

905 

3,324 

683 

{$1,000 

474 

638 

1,638 

1,601 

935 

3,324 

876 

9.  486 

108 
206 

505 

433 

279 

1.138 

223 

3*5 

($1,000) 
162 
86 
191 
106 
111 
183 
563 

($1,000) 
963 
1,356 
3.  360 
3,924 
2,583 
5,356 
1.692 

19,  234 

107 
216 
530 
551 

404 
979 
236 

403 

($1,000) 
1.125 
1.442 
3,551 
1.II3H 
2.694 
5.  539 
2,255 

20,  636 

125 
230 
560 
566 
422 
1,012 
315 

432 

'JO  29    

30-39      

40-49 

50-59      

60  and  over_. 

Total 

Cost    to    per- 
sons per 

100,001):  i 

Under  10 
10-19 

-'ii  29    

30-39 

1,014 

25 

21 
18 

28 
27 
55 
115 

44 

In    IMC 

118 
232 
570 
682 

552 
81  l 
312 

439 

11,150 

142 
253 
617 
71(1 
579 
869 
427 

1*3 

388 

11 
6 

14 
3 
9 

14 

49 

16 

9,  098 

97 
.'lid 
492 
430 
_'7li 
1.124 
174 

369 

1,402 

18 
14 
30 
15 
17 
33 
79 

29 

in   19 

50  59     

60  and  over 

Total 

I  >irec1  cost  per  KIO.000  persons  in  each  age  and  sex  group. 
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[he  Economic  Cost  of  Traffic  Accidents 

in  Relation  to  the  Highway  Systems 


By  BERNARD   B.  TWOMBLY,1  Traffic  Engineer, 
Massachusetts  Department  of  Public  Works 


rHK  traffic  accident  toll  in  number  of 
persons  killed  and  injured  has  been 
liblicized  so  frequently  that  many  people 
re  quite  familiar  with  the  figures  and  can 
yen  relate  the  details  of  the  latest  fatal 
ccident.  Few  persons,  however,  have  an 
itiinate  knowledge  of  where,  on  a  statewide 
asis,  most  of  the  accidents  are  occurring, 
hat  types  are  most  frequent,  and  what 
ould  be  the  odds,  as  measured  in  number 
f  accidents  per  100  million  vehicle-miles,  of 
aving  an  accident  on  Massachusetts  streets 
id  highways.  Prior  to  the  1954-55  accident 
>si  study  conducted  by  the  Massachusetts 
department  of  Public  Works  and  the  Registry 
f  Motor  Vehicles  in  cooperation  with  the 
f.S.  Bureau  of  Public  Roads,  the  monetary 
pst  of  traffic  accidents  was  purely  conjectural. 
The  purpose  of  this  article  is  to  evaluate 
le  efficiency  of  the  highway  systems  in 
lassachusetts  from  the  standpoint  of  losses 
irough  automobile  accidents.  This  article 
lows  what  the  1954-55  accident  cost  study 
vealed  in  terms  of  accident  rates  and  direct 
bsts  of  accidents  on  the  State  highways 
hd  local  roads  in  Massachusetts  and  also 
bints  out  where  special  attention  should 
e  directed  in  order  to  stem  the  tide  of  rising 
ccident  toll.  It  is  reasonable  to  expect  that 
le  conditions  which  prevail  in  Massachusetts 
re  typical  of  those  in  many  other  States. 

nghway   Systems   in    Massachusetts 

The  highway  network  in  Massachusetts 
in  be  classified  into  six  major  systems 
hose  total  extent  in  1953  was  24,506  miles, 
he  three  general  systems  consist  of  the 
ederal-aid      primary      system,      Federal-aid 

condary  system,  and  non-Federal-aid  (high- 
ays  and  roads  not  a  part  of  any  Federal-aid 

stem).  Within  each  system  two  classifica- 
ons  were  made:  State  highways  and  local 
lads.  A  breakdown  of  total  mileage  and 
ehicle-miles  traveled  on  each  system  during 
953,  the  year  upon  which  the  accident  cost 
tidy  was  based,  is  shown  in  table  1. 

Iccideut  Experience  on  Higfmays  and 
Roads 

In  1953,  there  were  1.239  million  registered 

assenger    cars    and     1.853    million    licensed 

perators    in     Massachusetts.     The     vehicle- 

liles    driven    in    passenger   cars   during    1953 

the     State's     highways     totalled     11.628 
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billion.  In  the  same  year,  there  were  131,536 
passenger-car  accidents  which  resulted  in  a 
direct  cost  of  $50,224  million. 

Massachusetts,  though  densely  populated 
in  many  sections,  still  has  a  low  proportion 
of  urban  areas  when  compared  with  rural 
areas.  Approximately  15  percent  of  the 
8,093  square  miles  are  classed  as  urban  and 
85  percent  as  rural. 

From  table  2,  the  basic  accident  table,  it 
is  found  that  88  percent  of  all  accidents  in 
the  State  occurred  on  urban  highways  and 
streets,  which  consisted  of  about  one-fourth 
of  the  Stale's  total  mileage.  This  point  is 
significant  when  considering  density  of  acci- 
dents on  the  various  highway  systems. 
Moreover,  two-thirds  of  all  accidents  in  the 
State  occurred  in  its  39  cities. 

Table  2  also  furnishes  a  comparison  of  the 
accident  experience  on  the  State  highways  and 
local  roads.  Without  considering  road  mile- 
age and  traffic  volumes,  the  24,562  accidents 
on  the  State  highways  in  comparison  with 
the  106,974  accidents  on  the  local  road  systems 
clearly  show  where  the  chief  problem  in 
accident  reduction  lies. 

The  Federal-aid  primary  and  secondary 
systems  accounted  for  36  percent  of  the 
131,536  accidents.  Of  the  47.  681  accidents 
on  these  two  systems,  24,080  occurred  on 
State  highways  and  23,601  on  local  roads. 

In  terms  of  number  of  accident-  classified 
by  severity  of  accident,  the  property-damage- 
only  accidents  far  outweighed  the  fatal  and 
nonfatal  injury  accidents.  Without  the  facts 
it  is  difficult  to  realize  that  97,951  property- 
damage-only  accidents  occurred  in  one  year 
and   that    these   comprised    75   percent    of   all 


accidents.  Local  systems  accounted  for  80 
percent  of  the  property-damage-only  acci- 
dents. 

Occident  experience  rates 

The  average  number  of  accidents  per  mile 
of  road  on  State  highways  was  11.6  as  com- 
pared with  4.7  on  local  roads.  The  mileage 
of  the  State  highways  was  2,109  miles  while 
mileage  of  the  local  roads  was  22,397  miles. 
Thus,  the  frequency  of  accidents  on  State 
highways  was  more  than  double  that  on  local 
roads,  but  the  State  highways  constituted  only 
9  percent  of  the  road  mileage  in  the  State. 

In  the  comparisons  of  motor- vehicle  traffic 
accident  rate-  the  efficiencies  of  the  various 
systems  with  respect  to  safety  are  made 
evident.  Table  3  shows  accident,  rates  per  100 
million  vehicle-miles  and  is  of  value  since  it 
employs  the  widely  accepted  method  of  com- 
paring accident  experience  on  highways. 

The  accident  rates  in  table  3  are  most 
revealing.  The  figures  show  the  following 
comparisons  in  accident  rates  on  each  system: 
On  the  Federal-aid  primary  system  the 
accident  rate  (per  100  million  vehicle-miles) 
on  the  State  highways  was  432,  and  1,211  on 
local  roads.  On  the  Federal-aid  secondary 
system  the  rates  were  reversed,  with  1.537 
accidents  per  100  million  vehicle-miles  on  the 
Slate  highways  and  399  on  local  roads.  On 
the  non-Federal-aid  highways  and  roads,  with 
a  preponderance  of  mileage  on  the  local  roads, 
then-  were  225  accidents  per  100  million 
vehicle-miles  on  the  State  highways  and  2,107 
on  local  roads. 

The  reversal  of  accident  rates  in  the  various 
systems    occasioned    special    study    in    an    at- 


Table  1. —  System  mileage  and  vehicle-miles  traveled  by  passenger  cars  on  Stale 
highways  and  local  roads  in  Massachusetts  in  1953 


Highway  sj  stem 

Rural 

Urban 

'total 

Miles 

Million 
vehicle- 
miles 

Miles 

Million 
vehicle- 
miles 

Miles 

Million 
vehich  - 

miles 

Federal-aid  primary: 

State  highways 

1.  119 

119 

1,238 

359 
1,301 
1,660 

141 
1 1  987 
15,128 

1.619 
16,407 
18.026 

2,  124 
180 

2.  304 

303 
762 

166 
2,  516 

2,  593 
3.292 
5,  885 

397 
333 

730 

79 
447 
526 

14 
5.210 
5,  224 

190 

5.  99(1 

6.  180 

1.904 
1 .  253 
3,  157 

131 

- 
932 

18 
1.606 

2.083 
5,  743 

1,516 
152 

168 

i  18 
1.748 
2   186 

155 
20.  197 
20,  352 

2.  109 

22.  397 

1  028 
1.  133 
5,  161 

434 

1,997 

214 

3.  950 
4.170 

4,  676 
6  952 

11,628 

Subtotal                    ...    - 

Federal-aid  secondary: 

State  highways 

Subtotal-   -   .-- 

Non-Federal-aid: 

All  highways  and  n 

State  highways 

Total                                   -- 
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Table  2. —  Motor-vehicle  traffic  accidents  by  highway  system  and  severity  for  passenger  cars  registered  in  Massachusetts,  1953 


Highu  ay  system 

Nun 

ber  of  accidents,  classified  by  severity  and  location 

Fatal 

Nonfatal 

Property-damagc-only 

Total 

Rural 

Urban 

Total 

Rural 

i  i  ban 

Total 

Rural 

Urban 

Total 

Rural 

Urban 

Total 

Federal-aid  primary: 

10 

H 
24 

_'l 

26 
26 

04 
26 
90 

33 

19 

X2 

5 
20 
25 

118 

118 

38 

187 
225 

73 
49 
122 

■_"i 
20 
J9 

144 
144 

102 
213 
315 

1,903 

15 
1,918 

570 
30 
606 

120 

1 ,  304 
1.424 

2,  599 
1 .  3411 
3.948 

■-',  249 
5,  21 6 
7.  165 

410 
1,51  l 
1 ,  92 1 

la  933 
19,933 

2,659 
26,663 
29,  322 

4.152 
5.  231 
9,  383 

986 
1,544 
2,530 

120 
21,237 

21.357 

5,  258 
28,012 

33.  270 

4.  481 

l.  181 
3.257 

3,  257 

90 
4,676 

4.  766 

7,828 
4.  676 
12,504 

8,703 
12,081 
20,784 

2,  399 
1,676 

7,075 

272 
57,316 

57.  588 

11,374 
74,073 

85,  117 

13,  184 
12,081 

25, 265 

5,  Hot'. 
4,676 
10,332 

362 

01.992 
62,354 

19,202 

78.  749 
97.951 

6,  424 
15 

6,  139 

3.  857 
30 

3,887 

210 
6,0C6 

6,216 

10.491 
6,051 
16.  542 

10,985 

17,340 
28.331 

2.814 
6,210 

9, 024 

272 

77.307 
77.  039 

14.071 
100,923 
114,994 

17.409 
17,361 
34.  770 

6,671 
6.  240 
12,911 

482 
83,  373 

S3.  S5.-, 

24.  562 

mil,  97i 
131,536 

Subtotal 

Federal-aid  secondai  j 

Local  lo;nls         

Subtotal 

N'on-Fedcral-aid: 

Local  roads 

Subtotal           

All  highways  and  road; 

stale  highways              --- 

Local  loads         .     .   .   _   .. 

Total 

Table  3. — Motor-vehicle  traffic  accident  rate  by  highway  system  and  severity  for  passenger  cars  registered  in  Massachusetts, 

1953 


Highu  aj  system 


Federal-aid  primary: 

state  highways 

Local  loads    

Subtotal 
Federal-aid  secondary: 
State  highu  aj  - 

Local  roads 

Subtotal 

Non-Federal-aid: 
State  highways.  . 

Local  roads   .. 

Subtotal 

All  highu  ays  and  roads 

state  highways 

Local  roads 

Total    


Number  of  accidents  per  100  million  vehicle-miles,  classified  by  severity  and  location 


Fatal 


Rural      Urban     Total 


1.88 
1.73 
7.92 


1.10 
1 .  03 


2.  40 

.78 
1.52 


1.73 

3.91 
2.59 

3.81 
2.49 
2.  68 


7.34 
7.13 


1.82 
5.10 
3.91 


I  M 
3.41 
2.23 

6.  lis 
1.27 

2.45 


3.  04 
3.45 


2.18 
3.  06 

2.70 


Nonfatal 


Rural         Urban         Total 


89.  59 
8  33 

.S3.  2 1 

190.09 
3.  93 
56,  90 

72.28 
55.48 
56.  59 


100.23 

to  97 
07  08 


118.11 
Hi,  28 
230.  45 

312.97 

189.01 
2110.43 


1,241.15 
1.205.  13 


127.65 

728.  49 
510.  56 


103.07 
365.03 

171.81 

227.  18 

98.78 
120. 119 

50.  07 
530  S3 
512.15 


112.44 
4112.93 
286.  1 1 


Property-dam 


Rural  Urban  Total 


210.  96 
"194.48 
1,074.91 
""305.82 

54.21 

19S  97 
189.42 


301  ss 

l  r.'  in 
212.47 


457.  09 
904  16 

058.  34 

1,831.29 
583.  77 
759. 12 

566.  66 
3,  568. 86 
3,  isl   7  1 


540.(13 

2,023  85 

1,487.84 


327.  30 
843. C5 

402  64 

1.303  22 
299.10 
517.37 

169.15 
1,567.03 

1 .  195  29 


410.  65 
1,  132.75 

842  37 


Total 


Rural 


302.40 

8.33 

279,  12 

l .  273,  26 
3.  93 

365. 07 

120.  50 
255.  57 
247.05 


104  58 

183.80 

281.08 


Urban 


570  94 

1.384.35 

897.  40 

2, 1  is.  C9 
775.  28 
90s  24 

566.  66 

4,817.37 

1,1,91   III 


675  51 

•J.  757    45 
2,002.33 


Total 


432.17 

1.211.51 

636.  67 

1 ,  537.  32 
399.  23 
646.  56 

225.  23 
2. 107.  50 
2,010.91 


525.  27 
1 .  53S  75 
1.131.20 


tempi  in  determine  the  reasons  therefor. 
Comparisons  of  the  number  of  accidents  per 
mile  of  highway  and  ihc  number  of  accidents 
per  100  million  vehicle-miles  were  both  studied 
in  relation  to  their  respective  system  mileages. 
In  neither  of  these  possibilities  could  a  definite 
indication  or  trend  be  detected. 

There  did  appear  to  be  a  relationship  be- 
tween the  number  of  accidents  in  terms  of 
vehicle-miles  as  related  to  their  average  traffic 
volumes.  However,  this  was  not  sufficiently 
pronounced  to  substantiate  any  definite  eon- 
elusion.-  as  to  the  reasons  for  the  variation  of 
accident  rates  in  the  various  highway  systems. 
A  possible  explanation  might  be  thai  the 
priority  given,  since  World  War  II,  to  the 
construction  of  controlled-access  highways  on 
the  Federal-aid  primary  system,  and  the 
financial  assistance  to  local  governments  for 
the  improvement  of  local  roads  on  t  he  Federal- 
aid  secondary  system,  have  brought  about 
a    reduction    in    the  accident    rates   on   those 

syst  ems. 

In  any  event ,  the  results  of  the  accident  cost 
study  point  to  the  need  for  improvement  of 
local  roads  on  the  Federal-aid  primary  system 
and  State  highways  on  the  Federal-aid  second- 
ary system,  and  even  greater  emphasis  should 
be  given  to  aon-Federal-aid  local  roads  with 
their  high  accident  totals,  extensive  mileages, 
and  high  rate  of  accidents  per  100  million 
vehicle-miles. 
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Total  Direct  Cost  of  Accidents 

The  foregoing  has  been  purposely  confined 
to  a  discussion  of  accident  experience  and  ac- 
cident rates  on  the  highway  systems.  This 
was  done  in  order  to  promote  a  clearer  under- 
standing of  the  accident  picture  in  Massa- 
chusetts. It  is  a  fact,  however,  (hat  tin  im- 
portant and  integral  part  of  any  motor-vehicle 
accident,  and  aside  from  the  aspect  of  per- 
sonal injury,  suffering  and  inconvenience  in- 
volved, is  the  monetary  cost  incurred. 

In  this  article,  dollar  values  will  be  confined 
to  direct  costs  only.  The  cost  of  accidents  in 
relation  to  the  highway  systems  is  shown  in 
tables  4  and  5.  For  those  who  include  among 
their  responsibilities  the  improvement  of  ac- 
cident-prone highways,  the  overall  costs  of 
accidents  on  the  highway  systems  in  table  I 
are  of  special  significance.  The  value  of  table 
5  is  that  it  brings  into  sharp  focus  the  cost  of 
an  accident  to  the  individual  or  individuals 
involved.  The  cost  varied  from  $203,  for  an 
average  property-damage-only  accident,  up 
lo  $5,499  for  an  average  fatal  accident  in 
urban  areas. 

In  L953,  there  occurred  a  total  of  131,536 
accidents  which  involved  $50,224  million  in 
direct  costs.  Fatal  accidents  made  up  3  per- 
cent, nonfatal  injury  accidents  57  percent;  and 
property-damage-only  accidents  40  percent 
of  the  direct  cost.     In  this  cost   breakdown  it 


is  interesting  lo  examine  the  cost  comparisoj 
in  the  light  of  what  was  previously  foun 
through  accident  rate  comparisons  by  agai 
using  the  highway  systems.  The  costs  ail 
rates  found  below  are  derived  from  tables  3 

Federal-aid  primary  system 

On  the   Federal-aid  primary  system,   Stffl 
highways  had  a  better  accident  rate  (per  I 
million    vehicle-miles    of    travel)    than    loi 
roads  in  the  ratio  of   I    to  3.     However,  t 
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Figure  I. — Direct  cost  of  traffic  accidei 
per  mile  of  highway  in  Massachuseti 
classified  by  highway  system. 

June  1960  •  PUBLIC  ROA 


tate  highway  accident  costs  exceeded  those 
n  the  local  roads,   being  $9.9  million  and 

7.3  million,   respectively. 

The  highest  total  costs  in  each  subdivision 
the  Federal-aid  primary  system  were 
tiose  incurred  in  urban  nonfatal  accidents — 
iat  is,  in  accidents  where  nonfatal  injuries 
ere  involved;  they  amounted  to  almost 
8.9  million.  State  highways  and  local  roads 
kch  showed   a   total   cost   of  approximately 

4.4  million.     Also,  nonfatal  injury  accidents 
urban  areas  accounted  for   52  percent  of 

fie  total  cost  of  all  accidents  on  the  Federal- 
id  primary  system.  While  property-damage- 
nly  accidents  were  also  very  costly  in  total, 
l  both  rural  and  urban  areas,  these  costs 
ere  only  slightly  more  than  half  of  the  non- 
ital  total  costs. 

ederal-aid  secondary  system 

On  Federal-aid  secondary  highways  the 
)tal  accident  cost  was  only  29  percent  of 
le  cost  of  accidents  on  the  Federal-aid 
rimary  highways.  Here  again,  the  dissimi- 
rity  between  accident  rate  comparisons  and 
}St  comparisons  is  worthy  of  note.  In  the 
ederal-aid  secondary  system  local  roads  had 

comparatively  low  accident  rate  and  the 
tate  highways  experienced  a  much  greater 
ite,  in  the  ratio  of  about  1  to  4.  Neverthe- 
ss,  the  accident  costs  were  in  the  ratio  of 
nly  2  to  3  on  local  roads  versus  State 
ighways. 


Another  noteworthy  fact  is  thai  property- 
damage-only  costs  were  greater  on  the  second- 
ary system  than  were  those  of  fatal  and  non- 
fatal injury  accidents  combined. 

Non-Federal-aid  highways 

The  non-Federal-aid  highways  and  roads 
form  the  large  network  of  local  streets  and 
connecting  highways  in  Massachusetts.  Com- 
pared with  the  highways  and  roads  in  the 
Federal-aid  systems,  they  carry  far  less 
average  daily  traffic.  The  accident  rate  for 
the  non-Federal-aid  highways  and  roads, 
expressed  in  number  of  accidents  per  mile  of 
roadway,  was  less  than  the  Federal-aid  high- 
ways and  roads  and  yet,  they  accounted  for 
69  percent  of  all  accidents  and  56  percent  of 
the  total  accident  cost-  in    1953. 

Of  the  $28.0  million  cost  of  accidents 
occurring  on  non-Federal-aid  highways  and 
roads,  nonfatal  injury  accidents  accounted  for 
almost  $16.0  million,  property-damage-only 
accidents  accounted  for  $11.3  million,  and 
fatal  accidents  accounted  for  $751,460.  Of 
t  he  total  amount,  a  very  large  proportion, 
$26.2  million,  was  incurred  in  urban  areas. 
Thus,  besides  having  a  high  accident  rate  in 
terms  of  accidents  per  100  million  vehicle- 
miles  on  its  local  road  subdivision,  accidents 
occurring  on  both  non-Federal-aid  State 
highways  and  local  roads  accounted  for  56 
percent  of  the  cost  of  accidents  in  Massa- 
chusetts. 


Economic  Costs  and  Costs  Rates 

As  previously  noted,  the  efficiency  of  a 
highway  in  terms  of  accidents  may  he  ob- 
tained by  comparing  accident  rates.  This  i- 
also  true  when  comparing  economic  loss 
expressed  in  accident  cost  rates. 

An  analysis  of  figure  1,  which  shows  the 
direct  cost  of  accidents  per  mile  of  highway 
on  each  highway  system,  indicates  that  the 
highest  accident,  cost  per  mile  of  highway, 
$16,112,  was  on  the  Federal-aid  primary  local 
roads.  The  second  highest  cost  was  si'>,857 
per  mile  on  the  Federal-aid  secondary  Stale 
highways  and  the  third  highest  cost,  $6,537 
pei-  mile,  was  on  the  primary  State  highways. 
Accident  costs  per  mile  on  the  remaining 
highways  and  roads  were  minor  in  comparison 
to  the  above  three.  It  should  be  stressed, 
however,  that  these  costs  are  average  costs 
only  and  that  costs  fluctuate  greatly  on  the 
many  types  of  roadways  in  each  system. 
Accident  costs  per  mile,  of  course,  presenl 
only  one  side  of  the  picture  and  do  not  reflect 
the  volumes  of  traffic  carried. 

The  comparison  of  accident  costs  per 
passenger-car-mile,  excluding  trucks,  is  shown 
in  figure  2.  The  cost  in  dollars  per  100 
million  vehicle-miles  has  been  reduced  to 
fractions  of  a  cent  per  mile.  On  the  whole, 
the  State  highways  are  costing  the  motorist 
an  average  of  0.28  cent  per  passenger-car- 
mile  while  on  the  local  roads  the  accident 
cost    per  passenger-car-mile  is  0.53  cent. 


Table  I. — Direct  costs  of  traffic  accidents  by  highway  system  and  severity  for  passenger  ears  registered  in  Massachusetts,  1953 


lot 


- 


Highway  system 


Federal-aid  primary: 
State  highways.  .  .. 
Local  roads . . 

Subtotal 

Federal-aid  secondary: 
State  highways 

Local  roads 

Subtotal 

Non-Federal-aid: 

State  highways. . . 

Local  roads 

Subtotal 


All  highways  and  roads: 
State  highways. . . 

Local  roads 

Total 


Cost  of  accidents,  classified  by  severity  and  location 


Fatal 


Rural       Urban 


$211.4211 
21  i   120 


83  700 


106,  390 
106,  390 


298.  120 
106.  390 
104.510 


$179,750 
268,640 
148,390 

28,820 
115,560 
I  13,  780 


645.070 
645,070 


207,970 
1,029,270 
1,237.240 


Total 


$394.  170 
268,640 
662,810 

111.  920 
115,560 

227,  480 


751,460 

751.460 


506,090 
1,  135,660 
1,641,750 


Nonfatal 


Rural 


$1,920,530 

28.800 
1.949.330 

528,  500 

1,500 

533,  000 

134.  40(1 
859,  200 

993.  I  it  II I 


2,583,  130 

892,  500 
3,  475,  930 


Urban 


S4,  128,550 
4, 134.  680 
8,863,230 

416,980 
950,410 

1,367.390 


14.  980.  900 
14,980,900 


i  845,530 
20,365,990 

25,211.520 


Total 


$6,349,080 

I,  163,  180 

in  812,560 

945,  180 

954.  910 
I,  9110,  39(1 

134,  400 
15,  SKI,  11)0 
15,974,500 


7.  128,960 
21,258,  190 
28,687,  150 


Property-damage  onlj 


Rural 


$1,  189,  760 


I.  189,760 

655,  220 


655,  220 


5, 
695. 
700, 


1,850,410 

695.  040 
2.  545.  450 


Urban 


$1,976, 

2   550 

1,  526, 

1   290, 
962, 

2,  253, 

19, 

10,  548, 
10,  568, 


3,  286,960 
14,061,890 
17,348,850 


Total 


$3. 166,280 
2,550,290 

5.710.570 

1,945,  750 

962,920 

2,908,670 

25,  340 

11,243,7211 
11,  269,  (ICO 


5,  137,370 
14,756,930 
19,894,300 


Total 


Rural 


,  324,  710 

28,  800 

. 353,  510 

.  267,  420 

4,  .500 

,271,920 

139,  830 
.  660,  630 
,  soo,  460 


4.;  3 1,960 
1,693,930 
6   125  890 


Urban 


$6  584, 
7.  253, 
13,838, 

1 ,  735, 

2,  028, 

3,  764, 

19, 

26,  174, 
26,  194. 


S.  340,  460 
35.457.  150 
43,797.610 


Total 


$9,909,530 
7,282,  IKi 

17    I'll    '.Mil 

3.(103.  150 
2,033,390 
5,036,  540 

159,  710 
27,835,280 

27,9(15.02(1 


13,072,  120 
37.  151,080 
50.  223.  500 


Table  5. — Direct  costs  per  traffic  accident  by  highway  system  and  severity  for  passenger  cars  registered  in  Massachusetts,  1953 


Highway  system 

Cost  per  accident,  classified  by  severity  and  location 

Fatal 

Nonfatal 

Property-damage-only 

Total 

Rural 

Urban 

Total 

Rural 

Urban 

Total 

Rural 

Urban 

Total 

Rural 

Urban 

Total 

Federal-aid  primary: 

State  highways 

Local  roads 

$5,  361 

5.361 
3.488 
3,488 

4,  092 
4.092 

4,658 
4,092 
4.  495 

$5.  147 
5,  182 
5,468 

5,644 
5.778 
5,  751 

5,  167 
5,  467 

5,473 
5,  504 
5,  199 

$5,  100 

5,482 
5.433 

3,859 
5,  778 
1,642 

5,218 
5,218 

1  962 
5.332 
5,212 

$1,009 
1,920 
1,016 

918 
150 

880 

1,  120 

659 
698 

994 
662 
880 

$1,969 

850 

I,  187 

1,017 
628 

711 

752 
752 

1,'822 

7.  639 

860 

$1,529 

853 
1.152 

959 
618 

751 

1,  120 

740 
7IX 

1.413 
759 
862 

$266 
266 

201 

201 

l,ll 
1 49 
147 

236 

149 
204 

$227 
211 
218 

538 
206 
319 

73 
184 

1X1 

289 
190 

203 

$210 
211 
226 

.ill 
206 

2S2 

70 
LSI 
181 

268 
187 
203 

$518 

1.920 

521 

329 
150 

327 

666 

270 
290 

451 
280 
388 

$599 
418 

ISS 

617 

327 
117 

73 
338 

337 

593 

351 
381 

$569 
ll  9 
184 

150 
326 
390 

331 
334 
334 

532 

.117 

Subtotal 

Federal-aid  secondary: 
State  highways 

Local  roads   

Subtotal ._.._.   ...   

Non-Federal-aid: 

State  highways 

Local  roads 

Subtotal 

All  highways  and  roads: 

Local  roads..    .  .. 

Total 

tOAl 
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Figure  2. — Accident  costs  per  passenger-car- 
mile  on  State  highways  and  local  roads  in 
Massachusetts  in  hundredths  of  a  cent. 

Costs  by  type  of  accident 

A  breakdown  of  the  number  of  accidents 
which  occurred  in  Massachusetts  in  1953 
appears  in  table  6.  Of  the  total  accidents, 
84  percent  involved  collisions  of  two  or  more 
motor  vehicles,  whereas  16  percent  involved 
only  one  vehicle.  In  the  former  grouping, 
over  48  percent  of  the  accidents  were  angle 
collisions.  Rear-end  collisions  accounted  for 
the  next  highest  percentage,  20  percent,  of 
the  collisions  with  other  vehicles.  ''Other" 
collisions,  which  included  turning  movement.-, 
parking  maneuvers,  and  backing  in  traffic 
lanes,  accounted  for  12  percent  of  the  col- 
lisions with  other  vehicles.  Accidents  in- 
volving only  one  motor  vehicle  included 
collisions  with  pedestrians,  fixed  objects, 
other  objects  (bicycles,  scooters,  etc.).  and 
non-collision  accidents. 

By  comparing  the  types  of  collisions  on  the 
State  highways  and  local  roads,  it  is  interesting 
to  note  that  rear-end  collisions  retained  about 
the  same  proportion  to  the  total  collisions,  17 
percent  on  State  highways  and  17  percent  on 
local  loads,  but  angle  collisions  were  more 
prevalent  on  the  local  roads,  44  percent, 
whereas  on  State  highways  they  accounted 
for  only  23  percent  of  the  accidents.  Vehicle- 
pedestrian  collisions  accounted  for  only  2 
percent  of  the  collisions  on  State  highways 
and  .">  percent  on  local  roads.  Collisions  with 
fixed  objects  were  in  about  equal  proportion, 
ti  percent  on  State  highways  and  5  percent 
on  local  roads. 

The  costs  of  the  various  types  of  accidents 
are  shown  in  tables  7  and  8.  Table  7  shows 
total  costs  and  table  8  shows  the  accident 
cost  rate  per  100  million  vehicle-miles  of 
travel.  The  highest  cost  rate  of  accidents 
occurring  on  the  State  highways  applied  to 
head-on  collisions.  Rear-end  and  angle  col- 
lision- had  the  next  highest  cost  rates.  On 
local  roads  the  order  of  cost  rates  was  angle 
collisions  highest,  rear-end  second,  and  head- 
on  collisions  third. 

Except,  for  head-on  collisions,  sideswipe 
collisions  involving  two  vehicles  moving  in 
opposite  directions,  single-car  collisions  with 
other  objects,  and  non-collisions,  the  direct 
cost  rates  of  accidents  occurring  on  local  roads 
were     higher     than     the     respective     type     of 


Table  6. — Motor-vehicle  traffic  accidents  by   type  of  accident  and  highway  system   for 
passenger  cars  registered  in  Massachusetts,  1953 


1  \  pe  (it  accident 

Federal-aid 
primary 

Federal-aid 
secondary 

Non-Federal-aid 

All  highways  and  roads 

Slate 

high- 
ways 

Local 
roads 

State 
high- 
ways 

Local 
roads 

siatc- 
high- 
ways 

Local 
roads 

State 
high- 
ways 

Local 
roads 

Total 

Two  or  more  car  collisions: 
Head-on..  -._._.  ..  .. 

2,306 
3,403 
4,  367 

1.281 

433 
2,129 

13.919 

201 

745 

1.751 

792 

3,489 

17,408 

1,  462 
3,  395 
7.  726 

1.070 

226 

1.333 

15,212 

327 
734 
875 
213 

2,149 

1 7,  301 

031 

864 

1,276 

150 

15 
1.086 

1,022 

248 

079 

1,146 

577 

2,050 
6,672 

514 
1,273 
2,000 

151 

90 
1,050 

5,  078 

283 
726 
153 

1,162 
6,240 

15 
15 

15 

181 

220 

30 
15 

181 
30 

250 

482 

7,751 
13,  303 
34, 484 

4,397 

708 
10,  570 

71.273 

4.  759 

4.  301 

2.358 

622 

12, 100 

83,  373 

2.952 
4,282 
5,658 

1,431 

448 
3,396 

18, 167 

479 
1.439 
3.078 
1,399 

0,395 

24,  562 

9.727 
18.031 
47,210 

5,618 

1,024 
9,  953 

91.503 

5,369 

5,821 

3,386 

835 

15,411 

106,974 

12,  079 
22,313 
52,  868 

7,049 

1.472 
13,349 

109,730 

5,848 
7,  260 
0,  Kit 
2,234 

21,806 

131,536 

Rear-end 

Angle.  .   . . 

Sideswipe     (same    direc- 

Sideswipe  (opposite  direc- 
tion).              .  .  

Others..   ..                       

Total 

One-car  collision  with: 

Pedestrians 

Fixed  objects 

Other  objects. 

Non-collision  accidents 

Total 

collision  on  State  highways.  In  total  costs, 
only  the  sideswipe  (opposite  direction)  and 
non-collision  accidents  had  a  greater  cost  on 
State  highways. 

In  the  Federal-aid  primary  system,  reducing 
the  cost  rate  of  accidents  per  100  million 
vehicle-miles  to  a  cost  rate  per  passenger-car- 


mile,  the  total  cost  for  all  types  of  accidents, 
on  the  State  highways  was  0.24  cent  per, 
passenger-car-mile  while  the  local  road  cost] 
rate  was  0.50  cent  per  passenger-car-mile. 

The  highest  cost  rate  for  all  types  of  acci- 
dents occurring  on  the  Federal-aid  secondary! 
highways    and    roads    was    the    rear-end    col- 


Table   7. — Direct   costs  of  traffic  accidents  by   type  of  accident   and  highway   system   for 
passenger  cars  registered  in  Massachusetts,  1953 


Type  of  accident 


Two   or   more   car   colli- 
sions: 

Head-on 

Rear-end.    

Angle 

Sideswipe    (same   di- 
rection)  

Sideswipe      (opposite 

direction) 

Others 

Total. .. 
One-ear  collision  with: 

Pedestrians . 

Fixed  objects 

Other'  objects 
\  on  collision  accidents... 

Total .... 

All  accidents 


Federal-aid 
primary 


Slate 

high- 
ways 


$3. 857,  550 
1,745,000 
1,  496,  100 

487,  980 

339.  850 
452,  570 

8,  379.  050 

150.250 
547.  850 
122,  350 
710,  030 

1.  530,  480 

9, 909,  530 


Local 
roads 


$958, 
2,  140, 

2.  503, 


'.17. 
293, 


0.214.800 


208, 

070, 

93, 

34. 

1,067, 

7,  282, 


Federal-aid 

secondary 


Slate 
high- 
ways 


$312, 
761, 

528. 


83.310 


43. 

105, 


2.  194,  900 


55. 
225, 
194, 
333, 


808,  250 
3.003,150 


Local 
roads 


490, 

058, 


39,640 


33, 

186, 


1,090,070 


62. 
145, 
128, 


337, 
2, 033, 


Non-Federal-aid 


State 

high- 
ways 


Local 
roads 


513,030 
501.050 
973,  340 


1.  104,  170 

186,460 
912,600 

23,251,250 

2,  799,  550 
1,395,380 

135, 150 
253,950 

4,  584, 030 

27,  835,  280 


All  highways  and  roads 


State 
high- 
ways 


$4.2110, 
2,  527, 
2,041, 


571,  290 


383, 

923. 


10.  653. 
236, 


327, 
1.040, 


2,419, 
13,072, 


Local 
roads 


$4,  700. 
8, 192. 
15,  134. 


1,305,730 


316. 
1.  392, 


31, 102.  180 


3,131, 

2.211, 

357, 

288, 

5,  988, 

37,151, 


Total 


907,  410 
719.350 
175,710 


1.937,020 


699. 950 
.315.970 


41,815,410 


368,  210 
019,940 

OS  1,9., 1 1 
331,990 

408, 090 

223,  500 


Table  8. —  Direct  costs  of  traffic  accidents  per  KM)  million  vehicle-miles  by  highway  systen 
and  type  of  accident  for  passenger  cars  registered  in  Massachusetts,  1953 


Type  of  accident 


Two  or  more  car  collisions 

Head-on 

Hear -end  

Angle 

sideswipe     (same    direc- 
tion)  

Sideswipe  (opposite  direc- 
tion)  

Others.. 

Total  . . 
t  toe-car  collision  with 

Pedestrians 

Fixed  objects. . 
Other  objects. 
Non-collision  accidents 

Total 

All  accidents 


Federal-aid 
primary 


State 
high- 
ways 


$95.  768 
43.  322 
37.  142 

12,115 

8,437 
11,230 

208.  020 

3,730 
13.601 

3,038 
17.027 

37.  996 

240.  010 


Local 
roads 


$66,904 
I  19,360 
174,081 

15,  480 

6,776 
20,  489 

433,  696 

IS.  770 
40,  775 
6,  520 
2,426 

74,  497 


Federal-aid 
secondary 


Stale 

high- 
ways 


$72,1102 
175,  553 
121,  781 

19, 196 

10, 023 
107, 182 

505,  737 

12,723 
51,915 
44,  740 
70,  855 

180,  233 

691,970 


Local 
roads 


$18, 430 
31.393 
12.  102 

2,536 

2,  1 1 1 
11,939 

108,  514 

4,012 
9,322 
8,247 


21,  581 

130,  095 


\  on- Federal-aid 


Stale 

high- 
ways 


$17,200 
9,  533 
7,710 


2,538 

37.  047 

14,  720 
10,  542 
5,075 

1,201 

37,  598 
74,  045 


Local 
Iliads 


$SS,  Ms 
140, 573 
31)2,1,03 

27,911 

1,713 
23,  069 

587,  747 

70,  707 

35,  273 

3,  410 

6,419 

115,875 

703, 022 


State 
high- 


$S9.970 
54,  048 
43,  651 

12,  218 

8,198 
19,  743 

227,  828 

5,068 
17,292 

7,001 
22,  375 

51,  736 

279.  504 


Local 
roads 


$68,  470 
117.837 
217.701 

19,  045 

4.554 

20,  035 

448,  248 

45,041 

31,. HI  19 

5,143 

4,  153 

86, 146 

534, 394 


Total 


$77.  119 
92, 180 
147,710 

10,  658 

6,020 

19.917 

359, 010 

28,  900 

25,  971 

5,891 

11,481 

72.309 

431,919 
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lisions  on  Shite  highways.  Angle  collisions, 
which  had  the  highest  cost  rate  on  the  sys- 
tem's local  roads,  had  the  second  highest  rate 
on  the  State  highways.  "Other"  collisions 
had  the  third  highest  rate  on  State  highways 
while  on  the  local  roads  head-on  collisions  were 
third. 

Accident  cost  rates  for  all  types  of  accidents 
ti  the  secondary  system's  State  highways 
reatly  exceeded  the  rate  of  costs  on  the  local 
roads.  In  terms  of  cost  per  passenger-car- 
mile,  all  costs  in  the  Federal-aid  secondary 
ystem  on  State  highways  were  0.69  cent  as 
compared  with  0.13  cent  on  the  local  roads. 
By  type  of  accident,  the  highest  costs  per 
100  million  vehicle-miles  on  State  highways 
lot  on  any  Federal-aid  system  were  the  head- 
jn  collisions,  collisions  with  fixed  objects,  and 
>edestrian  accidents.  On  the  local  roads  the 
ingle  collisions  accounted  for  43  percent  of 
;he  total  direct  cost  of  accidents  occurring  on 
ihese  roads.  The  cost  rate  amounted  to 
(1302,663  per  100  million  vehicle-miles.  This 
>ery  high  rate  exceeded  the  rate  for  all  other 
ypes  of  accidents  occurring  on  any  highway 
ystem  by  a  wide  margin.  In  comparing 
iosts  in  each  of  the  two  highway  classifications 
lot  a  part  of  any  Federal-aid  system,  it  should 
>e  stressed  that  there  were  only  155  miles  of 
»tate  highways  while  there  were  20,197  miles 
l)f  local  roads. 

The  cost  per  passenger-car-mile  on  the  ikim- 
■^ederal-aid  highways  and  roads  was  0.07  cent 
Bin  the  State  highways  while  the  cost  per 
fcassenger-car-mile  on  the  local  roads  was 
i).70  cent. 

Costs  on  Selected  Highways 

In  the  analysis  of  the  accident  records  and 
lirect  costs  on  the  six  highway  systems,  a 
eneral  picture  has  been  obtained  on  a  State- 
vide  basis.  In  order  also  to  gain  an  impression 
>f  the  costs  on  specific  sections  of  highways  it 

of  interest  to  consider  the  results  of  an 
iccident  cost  study  made  in  Massachusetts 
luring  1957.  This  study  was  based  on  the 
iccidents  reported  to  the  Registrar  of  Motor 
Vehicles  in  1955.  The  purpose  of  the  study 
vas  to  determine  the  direct  costs  of  accidents 
>n  two  types  of  State  highways;  namely,  t  hose 
laving  no  control  of  access  and  those  on  which 
iccess  was  controlled.  Four  highways  were 
elected  of  the  former  type  and  they  included 
l  2-,  3-,  4-,  and  6-lane  highway.  Five  high- 
vays  of  the  latter  type  were  selected  and  each 
vere  4-lane  divided  highways  which  had  been 
ipened  to  traffic  since  June  1952.  As  part  of 
he  study,  two  curves,  shown  in  figure  3,  were 
prepared  by  plotting  the  yearly  accident  cost 
)er  mile  against  the  average  daily  traffic 
/olume  for  each  of  the  nine  sections  of  high- 
vay.  The  costs  used  were  based  on  the  results 
)f  the  Massachusetts  accident  cost  study  and 
:onsisted  of  direct  costs  only.  The  results 
showed  a  yearly  saving  in  cost  of  accidents 
)er  mile  of  highway  of  $18,000  at  10,000 
vehicles  per  day  and  $68,000  at  25,000  vehicles 
>er  day  on  the  controlled-access  roads. 

It  is  pointed  out,  however,  that  since  this 
vas  an  initial  study,  future  research  might 
liter  the  results  obtained.     Since  this  study 
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Table  9. — Accident  rates  ; 

trolled-access 


and  costs  on  State  highways  in  Massachusetts  comparing  con- 
lughways  and  highways  with  no  control  of  access,  1957 


Sections  hi  State  highway 

Miles 

studied 

Average 
daily 
traffic 

Severity  of  accidents 

Accident 
rale  I 

Direct 

costs  per 

mile 

Fatal 

Nonfatal 

Property- 

damage- 

only 

Total 

Controlled  access: 

Route  128  (Wellesley  to  Lynn- 
field) 

24.6 

6.7 

29.  t 
21.6 

82.  3 

7.8 

20.5 

15.9 

19.9 

64.1 

32,200 

15,  7111) 

7,600 
15,500 

-'  17,  700 

30,  900 
8.200 
8,600 

30,  4110 
-  17,  900 

3 

2 

4 
5 

11 
3 
1 

2 
6 

12 

254 

26 

43 
86 

409 

213 

72 
122 
572 
979 

211 

17 

58 
68 

3,",  4 

1(19 

68 
82 

339 
598 

168 

45 

105 
159 

777 

325 

141 

206 

917 

1,589 

101.  7 

117.2 

12S,  7 
130.  1 

146.2 

370.  5 

230.2 

412.7 
415.3 
378.  4 

$30,  1011 

13,9(1(1 

7.  250 
14,800 

79.  7011 
9,  700 
21,600 
78,500 

Route  15  (Sturbridge  to  Hol- 
land)-- ...     .. 

Route  2    (Concord   to    West- 
minster)   .. 

Route  l  i  Danvers  to  Salisbury).. 
Total 

Uncontrolled  access 

Route  1  (Revere  to  Peabodj  i.. 
Route  20-1  (Northboro  to  Wes- 
ton).   

Route     20-2     (Northboro    to 
Auburn) 

Route  9  (Brookline  to  Fram- 
ingham) . 

Total 

Accidents  per  100  million  vehicle  miles.        z  Weighted  averag 


was  completed,  a  new  comparison  of  accident 
costs  on  eight  of  the  nine  highways  has  been 
made  available  and  is  included  here  in  table  9. 
The  accident  data  used  in  this  table  were  those 
submitted  in  1957.  A  comparison  of  the  results 
in  accident  costs  per  mile  with  the  curves  on 
figure  3  proved  to  be  of  special  interest  since 
volumes  on  the  highways  had  changed  since 
1955.  On  one  highway  section,  Route  20-2, 
the  so-called  Southwest  Connection,  volumes 

&  100,000 


had  decreased  substantially  because  of  the 
opening  of  the  Massachusetts  Turnpike. 
Despite  this  volume  decrease,  however,  the 
yearly  accident  cost  per  mile  was  in  close 
agreement  with  the  curve  in  figure  3. 

On  the  other  highways,  accident  costs  per 

mile  were  also  quite  consistent  with  the  curves 

with    only    one    notable    exception.       In    the 

volume    range    above     25,000    average    daily 

(( 'oniinued  on  page  SB) 


>■ 

I 
O 


u. 
o 


UJ 


cr 

UJ 

Q- 

I- 
O 

o 


UJ 

o 

o 
o 
<I 


cr 
< 

UJ 


90,000 


80,000 


70,  000 


60,  000 


50,000 


40,000 


30,000 


20,000 


10,000 


/ 
/ 

/ 

^ 

P/ 

/ 

4 

Cj   X 

V 

/ 

y 

*GG£*t 

co^; 

S-— -^- 

4 

/ 

5,000  10,000  15,000  20,000 

AVERAGE     DAILY      TRAFFIC 


2  5,000 


30,000 


tiaitre  3. — Accident  costs  on  Massachusetts  highways  nith  no  control  of  access  anil  with 
access  controlled.     Data  based  on  1955  accidents  and  traffic  volumes. 
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The  Economic  Cost  of  Traffic  Accidents 


in  Relation  to  the  Vehicle 


BY  THE  DIl  IS  ION  OF  TRAFFIC  OPERATIONS 
BUREAU  OF  PUBLIC  ROADS 


Reported  by  '  JAMES  F.   McCARTHY, 
Transportation  Economist 


THIS  article  discusses  traffic  accidents  in 
Massachusetts  and  their  resulting  economic 
costs.  The  study  applies  only  to  vehicles  of 
Massachusetts  registry  thai  were  involved  in 
traffic  accidents  within  the  State.  The  data 
for  passenger  cars  are  for  the  year  1953,  and 
for  trucks  for  the  year  1955. 

The  purpose  of  this  article  is  to  present  the 
cost  of  accidents  in  relation  to  the  vehicle  in  a 
way  that  will  aid  those  interested  in  pinpoint- 
ing where  prevention  efforts  should  be  cen- 
tered, as  well  as  those  engaged  in  the  economic 
analysis  of  highway  improvements.  The  in- 
tent is  not  to  fix  responsibility  for  accidents 
by  type  of  vehicle  but  rather  to  show  what 
kinds  of  vehicles  were  involved  and  the  extent 
of  involvement  in  terms  of  cost. 

Involvement  and  cost  data  are  analyzed 
separately  for  passenger  cars  and  trucks  by  age 
of  vehicle  and  severity  of  accident.  Further 
analyses  are  made  of  trucks  involved  in  ac- 
cidents and  their  direct  costs  in  relation  to 
the  registered  gross  weight  and  type  of  truck. 
Comparisons  are  made  throughout  the  article 
on  the  basis  of  the  involvement  per  100  million 
vehicle-miles  of  travel  and  the  accident  cost 
per  vehicle-mile. 

An  involvement  is  one  vehicle  in  one  acci- 
dent. For  example,  in  the  passenger  car 
study,  if  a  passenger  car  struck  a  pedestrian 
there  was  one  involvement  in  one  accident. 
If  two  passenger  cars  collided,  there  were  two 
involvements  in  one  accident.  Also,  in  the 
passenger  car  study,  if  a  passenger  car  collided 
with  a  truck  this  was  one  passenger  car  in- 
volvement in  one  accident.  The  truck  in- 
volvement was  not  included  in  1  he  passenger 
car  study. 


1  Presented  at  the  39th  Annual  Meeting  of  the  Highway 
Research  Board,  Washington,  D.C.,  January  1960. 


Overall  Accident  Experience 

There  were  1,239,596  passenger  cars  regis- 
tered in  Massachusetts  during  1953  and 
179,610  trucks  registered  in  1955.  Table  1 
shows  that  passenger  cars  traveled  11.6  billion 
vehicle-miles  as  compared  to  2.0  billion  vehicle- 
miles  for  trucks,  or  a  ratio  of  about  6  to  1. 
The  direct  cost  of  passenger  car  accidents  was 
$50.2  million,  whereas  truck  accident  cosi^ 
amounted  to  $4.8  million.  Thus,  the  cost 
attributable  to  trucks  was  about  one-tenth  of 
that  for  passenger  cars. 

In  addition  to  the  direct  costs  of  traffic 
accidents  just  mentioned,  there  were  other 
direct  costs  in  connection  with  non-traffic 
accidents,  traffic  incidents,  and  non-traffic 
incidents  that  are  not  included  in  this  article. 
Non-traffic  accident  involvements — accidents 
involving  motion  but  not  occurring  on  a 
public  roadway — resulted  in  direct  costs  of 
$2.7  million  for  passenger  cars  and  $327,000 
for  trucks.  Traffic  and  non-traffic  incidents — 
mishaps  not  involving  motion  and  usually 
involving  vandalism,  fire,  or  acts  of  God — 
resulted  in  direct  costs  of  $4.7  million  for 
passenger  cars  and  $865,000  for  trucks.  The 
present  analysis  is  confined  to  the  $50.2 
million  for  passenger  cars  and  $4.8  million  for 
trucks  which  comprised  the  direct  costs  of 
mot  or- vehicle  traffic  accidents. 

A  comparison  is  made  in  figure  1  of  the 
direct  cost  of  traffic  accidents  on  the  basis  of 
vehicle-miles  of  travel  for  passenger  cars  and 
trucks.  It  is  immediately  evident  that 
trucks  had  an  appreciably  lower  accident  cost 
per  mile  of  travel.  In  the  case  of  all  acci- 
dents, the  truck  cost  per  mile  of  travel  was 
0.23  cent,  and  the  comparable  cost  for  passen- 
ger cars  was  0.43  cent.  For  nonfatal  injury 
and     property-damage-only     accidents,      the 


Table  1. — Number  of  motor  vehicles  registered  in  Massachusetts  (passenger  cars,  1953, 
and  trucks,  1955)  and  their  travel,  classified  by  age  of  vehicle 


Number  of  vehicles. 

Percent  of  total 

Vehicle  travel: 
'l  (.in]    mileage    (million 

miles) 

Percent  of  total 

Average    annual     travel 
(miles) 


Age  of  passenger  cars  registered  in  1953 


U  nder 
2  years 


257, 852 
20.8 


3,331 
28.  6 


12.918 


2-4 
years 


333. 947 
26.9 


3,390 
2!'.  2 


10,  151 


4-8 
years 


356, 030 
28.  7 


;;,  1 13 
27.0 


8  years 
and 
over 


291,767 
23.6 


Total 


1,239,596 

100.0 


1,764  11.628 

15.  2  100.  0 


6, 046 


II.  3*1 


Age  of  trucks  registered  in  1955 


Under 
2  years 


27, 074 
15.  1 


355 
17.4 


13, 102 


2-4 
years 


27,343 
15.2 


396 

19.  4 


14,472 


4-8 
years 


67,  913 
37.8 


795 
39.0 

11,  705 


8  years 
and 
over 


57,  280 
31.9 


495 

24.2 


8,  637 


Total 


179,  610 
100.0 


2,041 
100.0 


11,358 


TOTAL 

DIRECT   COST- 

'o  4  3   CENT  PER   CAR-MILE 
0    23   CENT  PER   TRUCK-MILE 

0.24 

0  18 

CE 
< 
O 

at 

UJ 

o           in 

0  06 

en 

4 





mm 

NONFATAL 
INJURY 


PROPERTY- 
DAMAGE-  ONLY 


SEVERITY  OF  ACCIDENT 

Figure  1. — Direct  cost  of  traffic  accidents 
in  Massachusetts  per  passenger -car -mile 
of  travel  (luring  1953,  and  per  trnck-mile 
of  travel  during  1955,  classified  by  severity 
of  accident . 

passenger  car  cost  per  mile  was  approximately 
double  that  of  trucks.  Only  for  fatal  injury 
accidents  was  the  rate  for  trucks  higher,  being  ' 
0.014  cent  for  passenger  cars  and  0.027  cent 
for  trucks  for  each  mile  of  vehicle  operation. 
From  the  data  given  in  tables  2  and  3,  a 
comparison  can  be  made  of  the  average  cos'. 
per  involvement  of  passenger  cars  and  trucks 
The  high  cost  per  involvement  in  fatal  injur) 
accidents — $4,800  for  passenger  cars  am 
$6,800  for  trucks — completely  overshadow? 
the  cost  per  involvement  of  other  types  oi 
accidents,  but  fatal  injury  accidents  repre- 
sented less  than  one-half  of  one  percent  of  all 
accidents  and  only  3  percent  of  the  total  cost. 
The  average  cost  for  all  involvements — $226 
for  passenger  cars  and  $166  for  trucks — was 
heavily  influenced  by  the  less  costly  property- 
damage-only  involvements,  which  accounted 
for  three-fourths  of  all  accidents. 

Age  of  Vehicles 

The  number  of  cars  and  trucks  involved  ill 
accidents  and  the  involvement  rates  by   age 
of  car  and  truck  and  severity  of  accident   an 
summarized    in    table    2.     For    purposes    oi  j 
orientation    on    involvements    and    accidents, 
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Table  2. — Number  of  cms  and  trucks  involved  in  traffic  accidents,  and  the  rate  per  100  million  vehicle-miles,  classified  by  age  and 

severil\ 


ige  ol  i  i  I 


Motor  vehicles  involved  in 


Fatal  injui  \ 
accidents 


Mumber 


Percent 
ol  total 


Nonfatal  injury 
accident 


Number 


Percent 
ni  total 


Property-damage- 
only  accidenl - 


N'umbei 


Percent 
ni  total 


A  II  .11 


Number 


Percent 

ni  tot  il 


N'umbei  ol  motor  vehicles  per  LOO  million 
vehicle-miles  ol  travel  involved  in  - 


Fatal 
injury 
acci 
dent: 


Nonfatal 
injurj 
acci- 
dents 


Prop- 
erty- 
damage- 
only  ac- 
cidents 


All  acci- 
dents 


Passengei  cars: 
Under  2  years 
2-4  years 

4-8  years 
s  years  and  ovei 
'Total 

Trucks: 
Under  2  years.. 
_■  i  years 

4-8  years 

8  years  and  ovei 
Total 


66 
94 

101 
83 

344 


19 
13 
28 

22 

82 


19  2 

27  3 
29  t 

24.  1 

I ' 


23  2 
15.9 
34.  1 
26.  8 

Ion  I) 


10,  103 
15,311 
16,  762 

1 1,  784 
54,260 


705 

959 

1,881 

964 

4.  509 


19.2 

28  - 
30.  9 

21.  7 
inn.  o 


15  6 
21.3 
11  7 
21.4 
100. 0 


31,  162 
47,375 
51,927 
36,991 

1(17.455 


4,080 

4,  749 
9,  395 

5,  981 
24,205 


18  i. 
28  3 
31.0 
22.  1 

Hill  II 


16.9 

19.(1 
38  8 

24   7 
Hill.  II 


41,631 
62,  780 

68,  790 

48,  858 

222,059 


1,804 

5,  721 
11,304 

0.01.7 
28,  796 


IS,  7 
28  3 
31.0 

22.0 
111(1.  II 


16.7 
19.9 

39  2 
24.2 

111(1.(1 


2.0 
2.8 
3.  2 
4.7 
3.(1 


5.  I 
3.3 

3.  5 

4.4 
4  0 


312 
152 
533 

668 

4(17 


200 
242 
237 
195 
223 


936 

1.397 
1,652 

2,  097 
1.4411 


I,  150 
1,200 

I.  182 

1.209 
I,  1811 


1.2.30 

1 .  852 

2,  189 


1 .  355 
1,466 

1.442 
1.408 
1.412 


22,05!)  passenger  cars  were  involved  in 
131,536  accidents  in  1953.  This;  total  was 
bmprised  of  344  involvements  in  315  fatal 
bcidents,  54,260  involvements  in  33,270  non- 

tal  injury  accidents,  and  167,455  involve- 
ments in  07,951  property-damage-only  acci- 
ents. 

In  contrast,  28,706  trucks  were  involved  in 
7,041  accidents  during  1955.  Classified  by 
■verity  there  were  v_>  truck  involvements  in 
7    fatal     accident-.     4,509     involvements    in 

344  nonfatal  injury  accidents,  and  24,205 
lvolvements  in  22,648  property-damage- 
uly  accidents.  The  ratio  of  truck  involve- 
lents  lo  accidents  was  almost  1.1  to  1 
28,7(16  to  27,041),  whereas  the  corresponding 
Ltio  for  passenger  cars  involved  in  accidents 

as  1.7  to  1  (222,059  to  131,536). 

ccident  involvement  rates 

When  the  age  of  passenger  cars  and  trucks 
volved  in  accidents  was  compared,  dis- 
milar  results  were  found.  The  accident 
volvement  rate  of  passenger  cars,  on  the 
sis  of  involvements  per  100  million  vehicle- 
iles.  increased  steadily  with  age — passenger 
irs  8  years  and  older  had  an  involvement 
ite  of  more  than  double  that  for  cars  under 
years  of  age.  This  influence  of  age  on  the 
volvement  rates  can  be  construed  as  a 
rong  argument  for  vehicle  inspection  even 
lough  there  are  contributory  factors  other 
lan  mechanical  condition.  With  respect  to 
cident    involvement    rates    of   trucks,    there 


was  no  apparent  trend  with  age.  Except  for 
vehicles  under  2  years  (if  age,  the  involvement 
rate  for  passenger  cars  was  higher  than  that 
for  trucks.  In  the  age  group  under  2  year-, 
the  truck  rate  exceeded  the  passenger  car  rati: 
by  only  a  narrow   margin. 

The  influence  of  the  age  of  the  vehicle  with 
respect  In  all  accidents  holds  for  each  of  the 
severity  classes  except  for  the  fatal  injury 
accidents.  Throughout  the  article  it  will  be 
seen  that  this  class  of  accident  severity  has 
distinct  characteristics  in  relation  to  nonfatal 
injury  and  property-damage-only  accidents. 

Just  as  for  all  accidents,  the  fatal  involve- 
ment rate  per  100  million  vehicle-miles  for 
passenger  cars  increased  with  age.  When 
trucks  under  2  years  of  age  are  ignored,  the 
fatal  involvement  rate  for  trucks  also  increased 
with  age.  For  vehicles  less  than  2  years  of 
age,  the  fatal  rate  for  trucks  was  almost 
I')  times  that  for  passenger  cars.  For  other 
than  the  newest  vehicle  group,  the  fatal 
involvement  rates  for  passenger  cars  and 
trucks  did  not  differ  significantly. 
Accident  cost  rates 

The  relationship  between  accident  cost  per 
million  vehicle-miles  and  age  of  vehicle  for 
each  severity  class  of  accident  and  for  all 
accidents  is  shown  in  table  3  for  passenger 
cars  and  trucks.  A  comparison  of  the  costs 
for  the  two  types  of  vehicles  demonstrates  the 
greater  cost  per  mile  of  passenger  car  accidents. 
Although  not   as  pronounced  as  the  influence 


of  age  mi  accident  involvement  rate-,  the  cosl 
per  million  vehicle-miles  for  passenger  cars 
tended  to  increase  with  age  for  all  accident-, 
for  the  fatal  injury  accident,  and  for  the 
nonfatal  injurj  accident.  The  cost  per 
million  vehicle-miles  fur  property-damage-only 
accidents  dropped  off  for  the  older  vehicles 
for  both  passenger  cars  and  trucks.  This 
undoubtedly  reflected  the  reduced  value  of 
the  dlder  vehicles  involved. 

The  fact  that  the  total  direct  cost  of 
nonfatal  injury  accidents  constituted  almost 
60  percent  of  the  total  cost  of  all  accidents 
for  both  passenger  cars  and  truck-  ha.-  a  great 
influence  on  the  pattern  of  cost  per  million 
vehicle-miles  for  all  accidents. 

Visual  Classification  of  Trucks 

It  was  not  practical  to  classify  passenger 
cars  by  different  body  styles  or  weight. 
HoweVer,  trucks  were  studied  first  by  visual 
classification  and  second  by  registered  weight. 
In  the  visual  classification,  trucks  were  grouped 
as  follows:  2-axle,  4-tire  panel  and  pickup 
trucks;  all  other  2-axle,  4-tire  trucks:  2-axle. 
6-tire  trucks;  3-axle  trucks,  and  truck-tractor- 
semitrailer  combinations.  The  truek-tractor- 
semitrailer  combinations,  ranging  from  3-  to 
5-axle  units,  were  treated  as  a  -ingle  classifi- 
cation. Truck  and  full  trailer  combinations 
are  illegal  in  Massachusetts  and  therefore  were 
not  represented  in  the  study. 


Table  3.— Total  direct  cost  of  traffic  accidents  involving  passenger  cars  and  trucks,  and  the  accident  cost    per  million  vehicle-miles, 

classified  by  age  and  severity 


Age  of  motor  vehicle 


Passenger  cars: 
Under  2  years.. . 

2-4  years 

4-8  years 

8  ye  os  and  over. 
Total 

Trucks: 

Under  2  years 

2-4  years 

4-8  years 

8  vears  and  over- 
Total 


Accident  costs 


Fatal  injury 


$343.  730 

507.  170 

462,820 

328.  030 

1,641,750 


13H.  7110 
81,820 
2011.370 
133,  950 
558.  840 


Percent 

ol  Iota] 


20.9 
30.9 

28.2 
20.0 
100.  0 


24.5 
14.6 
36.9 
24.0 
100.  0 


Nonfatal  injury 


Amount 


$5.  572.  710 
8,695,640 
8.  015.  350 
il.  403.  750 

28,687,450 


2011.300 
541.170 

1,  .-,20.  (Ml 
435.  020 

2.  7119.  1711 


Percent 

of  total 


19.4 

30.  3 
28.0 

22.  3 
100.  (I 


9  o 
19.(1 
55.  I 
15.7 

100.0 


Property-damage-only 


$4,388,040 

7.  204,  S70 
6,001,250 

2.240.  110 

19,894,300 


290.  560 
273,330 
612,510 

2119.  ISO 
I.  145,  580 


Percent 

ol  total 


22  II 
311.  5 
30.  2 
113 

ton  o 


20  I 

18  9 

12  I 

is  i; 

1IIIJ  o 


All  accidents 


$111,304.  4SO 
16,467,680 
14.479,  120 
8,971,920 
50,223,500 


693.  5(10 
896,320 

2.  345.  500 

838,  I  .".il 

4.  773.  590 


Percent 
oi  total 


20.  5 
32.  s 
28.  8 
17  9 
100.0 


14.5 
18.8 
49.  1 
17.6 
1 00.0 


Accident  eosls  per  million  vehicle-miles 

ol  navel 


Fatal 
injurj 


$103 

i ;,( i 
147 

ISO 
141 


385 

207 
211(1 
271 
274 


Nonfatal 
injury 


$1,073 
2.  565 

2.  .'..'ill 
3.031 
2.  H17 


751 
1.31  IS 

1,920 
879 

1,357 


Prop- 

erty- 

damage- 

onlv 


$1,317 

2.  1  13 
1,910 
I.  270 
1.711 


SHI 
1191 
771 
544 
709 


All  acci- 
dents 


-.viio.; 
I,  858 
4.1107 
.">.  0S7 
4.319 


1 .  955 

2,  265 
2,0,-,] 
1,694 
2.340 
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2-axlc  lru<k> 

Table  4  contains  the  travel  characteristics 

and  accident  involvement  rates  for  trucks. 
During  1955  there  were  179,610  trucks 
registered  in  Massachusetts.  The  largest 
single  group  was  the  2-axle,  4-tire  panel  and 
pickup  trucks,  which  accounted  for  43  percent 
of  the  total  truck  population  and  37  percent 
of  the  total  truck-miles  of  (ravel.  Of  almost 
equal  magnitude  were  the  2-axle,  6-tire 
single-unit  trucks.  Together  these  two 
groupings  constituted  over  82  percent  of  the 
total  number  of  trucks  and  73  percent  of  the 
mileage  traveled  by  trucks.  The  combination 
units,  although  representing  less  than  6 
percent  of  the  number  of  trucks,  accounted 
for  almost  17  percent  of  the  truck-miles 
traveled. 

The  second  group  of  trucks,  other  2-axle. 
4-tire  trucks,  had  a  disproportionate  share  of 
the  accident  involvements  and  direct  costs, 
considering  the  number  registered  and  miles 
traveled  by  this  class.  They  generally  had  the 
highest  involvement  and  cost  rates  (tables  4 
and  5)  of  any  truck  group.  There  were  18,350 
trucks  of  this  group  registered  in  Massachu- 
setts during  1955.  This  number  represented 
10  percent  of  the  truck  registrations  and  8 
percent  of  the  truck  mileage.  On  the  other 
hand,  this  group  had  12  percent  of  the  accident 
involvements,    and    11    percent   of    the   direct 

costs. 

The  accident  involvement  rate  per  100 
million  miles  of  travel  for  the  "other"  2-axle, 
4-tire  trucks  was  8.4  for  fatal  injury,  238  for 
nonfatal  injury,  and  1,867  for  property-dam- 
age-only accidents.  The  involvement  rale 
for  this  group  in  all  accidents  was  2,114, 
which  was  50  percent  greater  than  the  average 
rate  of  1,412  for  all  trucks.  The  fatal  injury 
involvement  rate  was  more  than  3  times  that 
of  2-axle,  4-tire  panel  and  pickup  trucks. 

Figure  2  compares  the  accident  cost  per 
mile  of  travel  by  truck  group  and  severity. 
The  accident  cost  per  mile  for  "other"  2-axle, 
4-tire  trucks  was  0.05  cent  for  fatal  injury, 
0.19  cent  for  nonfatal  injury,  and  0.07  cenl 
for  property-damage-only  accidents  or  a  total 
cost  of  0.3 1  cent  per  mile.  The  cost  rate  for 
the  fatal  injury  accidents  was  more  than  3 
times  the  cost  rate  for  panels  and  pickups  and 
twice  tlie  average  cost  rate  of  0.03  cent  for 
fatal  injury  accidents  for  all  trucks.  The 
nonfatal  injury  rate  for  other-  2-axle,  4-tire 
trucks  was  40  percent  greater  than  the  average 
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Figure  2. — Comparison  of  accident  costs  per  mile  of  travel  by  visual  classification  of 

trucks  and  severity  of  accident. 


nonfatal  injury  cost  rate  of  0.14  cent  for  all 
trucks.  Only  for  property-damage-only  acci- 
dent involvements  was  the  cost  rate  less  than 
the  average  for  all  trucks.  The  total  cost 
rate  for  this  truck  group  was  32  percent 
greater-  than  t  he  average  cost  rate  of  0.23  cent 
for  all  trucks.  (The  average  cost  rates  for  all 
trucks  are  shown  in  the  totals  in  table  5.) 

Panels  and  pickups  and  the  2-axle,  6-tire 
trucks  appeared  generally  to  have  about  the 
same  accident  involvement  rate  and  cost  per 
mile.  For  all  accidents,  the  involvement 
rates  were  1,444  and  1,430,  respectively.  In 
figure  2  the  accident  cost  per  mile  of  travel  is 
shown  to  be  0.255  cent  for  panels  and  pickups 
and  0.259  cent  for-  2-axle,  6-tire  trucks;  these 
two  groups  of  vehicles  winch  constituted  82 
percent  of  the  total  registrations  accounted 
for  80  percent  of  the  total  direct  cost  of  truck 
accidents. 

Considering  the  fatal  injury  accidents,  the 
involvement   rate  per  100  million  truck-miles 


for  the  panel  and  pickup  trucks  was  2.5  which 
was  considerably  less  than  the  average  rate  ol 

4.0  for  all  trucks.     The  involvement  rate  for 
the  2-axle,  6-tire  trucks  in  fatal  accidents  wai 

4.1  and  was  the  third  highest  of  the  five  vehicl* 
types. 

3-axle  trucks 

The  fourth  grouping  of  trucks,  3-axle  trucks 
consisted  of  less  than  2  percent  of  all  truck- 
registered  and  accounted  for  the  same  per 
centage  of  the  total  number  of  accidents 
The  total  cost  of  accidents  for  this  group  wa.' 
only  0.4  percent  of  the  total  cost  of  accident: 
for  all  trucks. 

The   number   of   3-axle   trucks   involved   ii 
accidents  per  100  million  miles  of  travel  wa 
992.      Classified  by  severity,  the  involvemei 
rate  was  1.9  for  3-axle  trucks  in  fatal  injur- 
accidents,  86  in  nonfatal  injury  accidents,  an 
904   in    the   property-damage-only   accidents^ 
These  involvement  rates  were,  in  general,  tl 
lowest  rates  for  any  of  the  five  truck  grouping 


Table  4.- 


-N u m her  of  trucks  registered  in  Massachusetts  during  1955,  vehicle  travel,  involvement  in  accidents,  and  the  accident  involvemei] 
rate  per  100  million  truck-miles,  by  visual  classifications  and  severity 


Truck  groups 


\  i  j  1 1 1 1 H  •  i 
of  trucks 


Vehicle  travel 


Total 
mileage 

(thousands) 


Average 

annual 
mileage 


Trucks  involved  in- 


Fatal  injury 
accidents 


Number 


Percent 
nf  total 


Nonfatal  injurs 
accidents 


Number 


I'm   ill 
of  total 


Propert  y-dam  age- 
only  accidents 


Number 


Percent 

of  total 


All 

accidents 


Number- 


Percent 
of  total 


Vci  idenl  involvement  rate  per  100 

million  truck-miles 


Fatal 
injury 


Ninil.it.il 

injury 


Property- 

damage- 
only 


All 
accidents 


Single-unit  trucks: 

Panel  and  pickup 

Other  2-axle,  4-tire 

2-axle,  6-tire... 

3-axle 

Truck-tractor-semitrailer 

Total...   


77, ISO 
18,350 
70,670 
3,  220 

10,190 

179,610 


758,139 
165,866 

727,412 
52,206 

336,  17:-! 

2. 040. 096 


9,  823 
9,039 
111,293 
16,213 

33, 020 

1  1  .  358 


19 
14 
30 

1 

18 
82 


23.2 

17.1 

36.  6 

1.2 

21.9 

loo.o 


1 ,  982 

395 

1,083 

45 


43.9 
g  8 

37.3 
1.0 


-.■in. 

3,097 

8.  B91 

472 


404  9.  (i  2. 999 

4.509  100.0     I     24.205 


36.9 
12.8 
35.9 
2.0 

12.4 

100.0 


10,947 

3,5110 

10.  404 

518 

3,421 

28.  796 


38.0 

12.2 

36.1 

1.8 

11.9 

100.0 


2.5 
8.4 
4.1 
1.9 

5.3 

4.0 


261 
238 
231 


120 
221 


1,180 

1.867 

1,195 

904 

891 

1,186 


1,444 

2,114 

1,430 

992 

1,017 

1.412 
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Table  o.-Total  direct  east  of  traffic  accidents  involving  trucks  and   the  accident  cost    per  million    truck-miles,  by  visual  classifi- 

cation  and  severity 


Truck  group 

Accident  costs 

Accident  cost  per  million  tm 
of  travel 

ik-miles 

Fatal  injury 

Nonfatal 

njury 

Propei  tj 
on] 

y 

All  accidents 

Fatal 
injury 

Nonfatal 

injury 

Property- 

damage- 
onlj 

All 
accidents 

Amount 

Percent 
.ii  total 

Amount 

Percent 
of  total 

Amount 

Pei  cent 
of  total 

Amount 

Percent 
of  total 

Single-unit  trucks: 

Panel  and  pickup 

Other  2-axle,  4-tire 

2-axle,  6-tire 

$114,510 

S.v.320 
210,  260 

145,  750 
558,  840 

20.5 
15.8 
37.6 

26.1 
100.0 

$1,050,880 

315,710 

1,256,550 

13,410 

132.  620 

2,  769. 170 

37.9 
11.4 
45.4 
0.5 

4.8 

100.  0 

$707, 860 

107.341) 

414.470 

6,  360 

149,  550 

1,445,580 

53.1 

7.4 
28.  7 
0.5 

10.3 

100.0 

$1,933,250 

511.370 

1,881,280 

19.7711 

427,  920 

4,  773.  590 

40.5 
10.7 
39.  4 
0.4 

9.0 

100  0 

$151 
532 
289 

433 
274 

$1,386 

1.903 

1.727 

257 

394 

1.357 

$1,013 
647 
570 
122 

444 

709 

$2,  550 

3.083 

2,586 

379 

1,272 

2.340 

3-a.xle 

Truck-tractor-semitrailer 

Total.. 

. 


nder  consideration.  Similarly,  the  cost  in 
mts  per  mile  (fig.  2)  was  the  lowest  for  any 
'  the  five  groups  of  trucks  in  all  severity 
asses.  These  cent-per-mile  rates  were  0.03 
■tit  for  nonfatal  injury,  0.01  cent  for  prop- 
ty-damage-only,  and  0.04  cent  for  all  acci- 
■nts.  There  were  no  direct  costs  reported 
i  connection  with  the  single  reported  involve- 
ment in  a  fatal  accident  of  a  3-axle  truck. 
ruck  combinations 

The  data  for  the  fifth  truck  group,  the 
uck-tractor-semitrailer  combinations  (here- 
uifter  referred  to  as  combinations)  offend  a 
tidy  of  contrasts.     Although  only  5.7  percent 

the  total  trucks  registered,  the  combinations 
ere  responsible  for  12  percent  of  all  traffic 
•cidents  involving  trucks,  and  9  percent  of 
ie  total  direct  cost.  On  the  other  hand,  the 
mibinations  accounted  for  over   16  percent 

the  total  truck  travel,  and  their  rates  of 
volvement  and  cost  per  mile  for  all  classes 

severity  except  the  fatal  injury  accidents 
ere  below  the  average  values  for  all  trucks. 
The  breakdown  of  the  cost  of  accidents  for 
imbinations  by  severity  class  indicated  that 
tal  injury  accidents  accounted  for  34  per- 
snt,  nonfatal  injury  accidents  31  percent,  and 
operty-damage-only  accidents  35  percent  of 
ie  total  costs  incurred.  In  contrast,  con- 
iering  the  total  direct  cost  for  all  truck  acci- 
ints,  fatal  injury  accidents  accounted  for  less 
an  12  percent  of  the  total  cost  and  nonfatal 
ljury  accidents  and  property-damage-only 
icidents  accounted  for  58  percent  and  30  per- 
nt,  respectively. 

Combinations  had  the  second  highest  cost 
r  fatal  injury  accidents.     The  average  cost 

a  fatal  injury  accident  for  this  truck  group 


was  $8,100  as  compared  to  an  average  cost  of 
$6,450  for  single-unit  trucks.  In  addition  to 
higher  costs  for  fatal  injury  accidents,  1  out  of 
every  190  combination  involvements  was  fatal, 
whereas  only  1  in  every  409  involvements  for 
single-unit  trucks  was  fatal. 

When  viewed  with  consideration  given  to 
exposure  in  terms  of  truck-miles  of  travel,  the 
higher  percentages  of  truck  combination  in- 
volvements and  costs  are  somewhat  modified. 
The  involvement  rate  for  all  accidents  was 
1,017  per  100  million  miles  of  travel  for  com- 
binations. Classified  by  severity  this  rate 
was  5.3  for  fatal  injury,  120  for  nonfatal  injury, 
and  891  for  property-damage-only  accident 
involvements  per  100  million  miles  of  travel. 
The  cost  of  all  accidents  per  mile  of  travel  was 
0.13  cent.  By  severity  of  accidents  the  cost 
rate  was  about  the  same,  0.04  cent  for  each 
class  of  severity. 

From  table  4  and  figure  2  it  appears  that  the 
truck  combination  involvement  and  cost  rates 
were  well  below  those  of  single-unit  trucks  for 
nonfatal  injury  and  property-damage-only 
accidents.  However,  this  was  not  so  with  re- 
gard to  the  fatal  involvement  and  cost  rates, 
as  these  rates  for  the  truck  combinations  were 
considerably  higher  than  the  rates  of  single- 
unit  trucks.  The  fatal  involvement  rate  per 
100  million  miles  was  5.3  for  truck  combina- 
tions, and  3.8  for  all  single-unit  trucks.  The 
cost  of  fatal  accidents  per  mile  of  travel  was 
0.04  cent  for  the  combinations  compared  to 
0.02  cent  for  all  single-unit  trucks. 

It  becomes  apparent  from  the  foregoing 
discussion  that  any  total  view  of  trucks  in- 
volved in  accidents  and  their  costs  is  predomi- 
nately weighted  by  the  number  of  panel  and 


pickup  trucks  and  2-axle,  6-tire  trucks,  which 
dominated  the  total  registrations,  truck  mile- 
age, accident  involvement,  and  cost  rates. 
The  combinations  did  play  a  rather  important 
part  in  the  total  accident  cost  in  relation  to  the 
number  registered,  but  the  large  average  an- 
nual mileage  of  this  group  tends  to  offset  their 
disproportionate  costs  when  viewed  on  an  ex- 
posure basis. 

IT ei glit  Classification  of  Trucks 

The  discussion  up  to  this  point  has  con- 
sidered the  relationship  of  truck  and  passenger 
car  accident  costs,  and  the  variation  of  truck 
accident  costs  with  age  of  vehicle  and  the 
visual  classification  of  trucks.  Another  re- 
lationship of  interest,  particularly  for  econom- 
ic analysis,  is  that  which  exists  between  acci- 
dent costs  and  the  weight  classification  of 
trucks — registered  gross  vehicle  weights — as 
shown  in  table  6. 

Of  the  179,610  trucks  registered  during 
1955  in  Massachusetts,  56  percent  had  a  gross 
vehicle  weight  under  8,500  pounds;  20  per- 
cent had  weights  between  8,500  and  16,500 
pounds;  11  percent  had  weights  between 
16,500  and  24,500  pounds;  5  percent  between 
24,500  and  36,500  pounds;  and  8  percent  had 
gross  weights  of  36,500  pounds  and  over. 

In  addition  to  the  registration  data,  table 
6  indicates  the  truck  travel  for  each  registered 
gross  vehicle  weight  group.  It  is  important 
to  note  that  the  annual  average  mileage 
increased  with  registered  weight.  The  increase 
between  the  last  two  weight  groups  is  par- 
ticularly significant.  Trucks  in  the  heaviest 
weight  group  traveled   more   miles   in  a   year 


able  6  . — Number  of  trucks  registered  in  Massachuset  ts  during  1955,  vehicle  travel,  involvement  in  accidents,  and  the  accident  involvement 

rate  per  100  million  truck-miles,  classified  by  gross  weight  and  severity 


Mjoss  vehicle  weight  (pounds) 


Under  8,500... 

8,500-16,500 
16,500-24,500.. 
24,500-36,500... 
36,500  and  over 

Total 


Number 
of  trucks 


100. 940 
36, 340 
19,080 

9,540 
13,740 

179,610 


Vehicle  travel 


Total 

mileage 

(thousands) 


949, 636 
333,  960 
224, 139 
132,  603 
399,  758 

2, 040. 096 


Average 
annual 
mileage 


9,408 

9, 190 

11,766 

13,900 

29, 094 

11,358 


Trucks  involved  in 


Falal  injury 
accidents 


Numbei 


41 
13 


vj 


Percent 
of  total 


50.0 
15.8 
8.5 
4.9 
15.9 

100.0 


Nonfatal  injury 
accidents 


Number 


2,662 
722 

416 
245 

387 

4,509 


Percent 
ot  total 


59.1 
16.0 
9.2 

5.4 
8.6 

100.0 


Property-damage- 
only  accidents 


Numbei 


11,001 

4.998 

2,084 
2,562 

24.  205 


Percent 
of  total 


45.  5 
2(1.  6 
13.6 
8.6 
10.6 

100.0 


All 
accidents 


Number 


13,704 
5,  733 
3,712 
2,333 
J.  962 

28,  796 


Percent 
of  total 


47.6 
19.9 
12.9 
8.1 
10.3 

100.0 


Accident  involvement  rate  per  100 
million  truck-miles 


Fatal 
injury 


4.3 
3.9 

3.1 
3.0 
3.3 


Nonfatal 
injury 


280 
216 
186 

185 
97 


Property 

damage- 
only 


1,158 
1,497 
1.41,7 
1,572 
641 

1,181 


All 
accident: 


1,443 
1.717 
1,656 
1 .  759 
741 

1,412 


There  were  352  trucks  involved  in  accidents  of  which  the  weights  were  unknown.    These  included:  4  trucks  involved  in  fatal  accidents;  77  in  nonfatal  accidents;  and  271  in  propertj 
m  age-only  accidents. 
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Tabic 


Total  direct  cost  of  traffic  accidents  involving  trucks  and  the  accident  cost  per  million  truck-miles,  classifie<l  by  gross 

weight  and  severity 


Gross  vehicle  weight  i  pounds) 

Accident  costs 

Accident  cost  per  million  tru 
of  travel 

?k-miles 

1'  atal  injury 

Nonfatal  injury 

Property-damage- 
only 

All  accidents 

Fatal 
injury 

Nonfatal 

injury 

Property 

il;iiii;icc 
only 

All 
accidents 

Amount 

Percent 

oi  total 

Amount 

Percent 
of  total 

Amount 

Pel  cent 

of  total 

Amount 

Percent 

of  total 

i  nder  8,500--_    

$268,040 

130,  990 

19,990 

46,900 

78,310 

it.  inn 

558,840 

18.0 
23.  4 
3.  6 

8.  1 
14.0 

2.6 

100.0 

$1,915,460 
378,  530 
209,950 

71,600 
143,270 

50,360 

2.7(19,  170 

69.  1 
13.7 
7.6 
2.6 
5.2 
1.8 

100.0 

$872, 060 

242, 910 

126,920 

73,110 

122,  160 
8,  I  _'n 

1,445,580 

60. 3 
16.8 
8.8 
5.0 

8.5 
0.6 

loo.o 

$3,055,560 

752, 430 
350,  860 
191,610 
343,  740 
73.  390 

4,  773.  590 

.,!   II 
15.8 
7.5 
4.0 
7.2 
1.5 

100.0 

$282 

392 

89 

354 

196 

274 

$2,017 

1,133 

937 

540 

358 

1.357 

$918 
727 
566 
551 
306 

709 

$3,218 

2.  253 

1.592 

1.445 

860 

2,340 

16,500  24,500         

24,500-36,500 

I   n  know  ii _ 

Total 

in  total  than  those  in  any  other  group  excepl 
those  registered  under  8,500  pounds. 

Light  trucks  have  often  been  compared  to 
passenger  cars  because  of  many  similar 
vehicle  characteristics.  One  of  these  similar- 
ities is  average  annual  travel  per  vehicle. 
The  average  annual  travel  of  passenger  cars 
and  light  trucks  was  approximately  equal. 
Passenger  cars  averaged  9,380  miles  of  travel 
annually  and  light  trucks  averaged  9,408 
miles.  By  comparing  the  involvement  rate 
of  1,910  per  100  million  vehicle-miles  for 
passenger  cars  with  the  involvement  rate 
of  1 ,44:-!  for  light  trucks  it  may  be  seen  that 
passenger  cars  were  involved  in  32  percent 
more  accidents  on  a  mileage  basis. 

Table  (i  also  contains  the  accident  involve- 
ments and  the  involvement  rate  per  100 
million  miles  of  travel  for  each  gross  weight 
group.  Table  7  contains  the  accident  costs 
and  cosl  rate  per  million  truck-miles  of  travel 
for  each  weight  group.  When  the  proportion 
of  heavy  trucks  involved  in  accidents  is  com- 
pared with  the  proportion  of  heavy  trucks  in 
the  total  truck  registrations,  the  comparison 
presents  a  somewhat  unfavorable  picture  for 
heavy  trucks.  For  example,  trucks  with  a 
gross  vehicle  weight  of  36,500  pounds  and 
over  represented  less  than  8  percent  of  the 
total  trucks  registered  in  Massachusetts  and 
over  10  percent  of  the  trucks  involved  in 
accidents.  In  terms  of  accident  costs,  how- 
ever, the  heaviest  trucks  accounted  for  onlj 
7  percent  of  the  total  accident  costs. 

Occident  involvement  rates 

The  involvement  rates  for  fatal  injury 
accidents  appeared  generally  to  decrease 
with  registered  weight  over  the  range  covered 
by  the  first  three  groups  and  then  tended  to 
level  off.  The  proportion  of  trucks  in  the 
heaviest  group  involved  in  fatal  injury  ac- 
cident was  high  in  comparison  to  the  propor- 
tion of  trucks  in  the  other  groups.  This 
group  had  one  vehicle  in  fatal  accidents  for 
every  30  vehicles  in  nonfatal  accidents.  <  hi 
an  exposure  basis,  the  heaviest  truck  group 
had  a  favorable  involvement  rate  of  3.3  per 
100  million  miles  of  travel,  as  compared  to  a 
rate  of  4.0  for  the  remainder  of  the  trucks. 

In  the  case  of  nonfatal  injury  accidents, 
the   involvement    rates   decreased    with   regis- 


tered weight.  However,  for  the  property- 
damage-only  accidents  the  tendency  was  for 
an  increase  with  weight  excepting  the  heaviest 
group  vehicles.  For  these  trucks,  36,500 
pounds  and  over,  the  rate  dropped  off  sharply 
to  less  than  half  that  for  the  other  weight 
groups  combined. 

The  involvement  rate  for  all  accidents, 
regardless  of  severity,  was  741  for  the  heaviest 
trucks  and  1,5.54  for  all  other  trucks. 

Accident  cost  rates 

Accident  cosl  rates  per  mile  of  travel  are 
shown  in  figure  3.  The  heaviest  trucks  had 
the  most  favorable  cost  rates  among  the 
weight  groups.  For  nonfatal  injury  accidents 
the  cost  rate  of  0.04  cent  per  mile  for  the 
heaviest  trucks  was  about  one-fourth  of  the 


cost  rate  of  0. 16  for  all  other  trucks  in  accident 
of  comparable  severity.  The  property-dan 
age-only  cost  rate  was  0.03  cent  per  mile  f( 
the  heaviest  trucks  and  0.08  for  till  oth< 
trucks.  The  cost  rate  for  all  accidents  we 
I). (Ill  cent  per  mile  for  the  heaviest  truck 
which  was  one-third  of  the  cost  rate  of  0.2 
cent  for  all  other  trucks. 

A  most  significant  finding  of  the  report 
the  very  definite  decrease  of  accident  cosl  pi 
mile  of  travel  with  increase  of  registered  gra 
vehicle  weight.  This  is  the  first  time  sue 
data  have  become  available.  With  refereffl 
to  the  results  for  all  accidents  the  cost  ra 
ranges  from  0.32  cent  per  mile  for  the  lighte 
group  to  0.09  cent  per  mile  for  the  heavie; 
group  of  trucks. 
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SEVERITY  OF  ACCIDENT 
Figure  3. — Comparison  of  accident  cost  a  per  mile  of  travel  by  gross  vehicle  weight  at 

severity  of  accident. 
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rhe  Economic  Cost  of  Traffic  Accidents 
in  Relation  to  Highway  Planning 


Jy  J.  E.  JOHNSTON,  Deputy  Director 

if  Highways  for  Planning, 

Jtah  State  Deparment  of  Highways  ' 

10DAY,    highway    planners    are    seeking 

more    scientific     methods    of    evaluating 

xisting  highways  and  designing  and  program- 

ng  new  facilities.     The  highway  administra- 

or  and  planner  realize  as  never  before   the 

mportance    of    engineering    tools    that    will 

)ermit  them  to  schedule  construction  on  the 

;    basis  of  need,   allocate   highway   funds   on   a 

>riority  basis,  select  additions  to  the  highway 

-   ystems,  change  system  classifications,  select 

i,  proper  alternate  routes  or  locations,  and  to 

,,  [ope    effectively    with     public    and    private 

:  {roups  having  vested  interests  in  the  processes 

>f  planning  and  programing. 

Some  States  have  employed  sufficiency 
atings  to  assist  them  in  accomplishing  these 
bjectives.  This  method  simply  assigns  a 
>oint  rating  to  each  section  of  road  according 
o  its  ability  to  provide  traffic  service  in  a 
afe  and  efficient  manner.  Other  States  have 
mployed  economic  analyses  using  factors  such 
s  highway  costs,  revenues,  and  benefits, 
n  the  main,  this  approach  has  been  simplified 
o  include  only  the  benefit  quotient  which 
eflects  primarily  a  savings  to  the  motor- 
ehicle  user  in  operating  cost  and  time  through 
mproved  alinement.  Some  States  use  both 
ipproaches. 

In  the  methods  generally  in  use,  one  im- 
)ortant  factor  is  too  often  omitted — traffic 
.ccident  rates.  Some  States  incorporate  acci- 
dent rates  in  their  sufficiency  ratings,  but 
nore  do  not.  It  is  known  that  sections  of 
lighway  having  a  good  adequacy  rating,  as 
>rovided  by  the  sufficiency  rating  system, 
ometimes  may  have  a  high  traffic  accident 
requency. 

Traffic  accident  rates  normally  are  not  in- 
luded  in  economic  analyses  of  the  cost-benefit 
ariety  at  all.  The  principal  reason  for  the 
mission  has  been  the  unreliability  of  traffic 
.ccident  data.  Too  many  accidents  are  not 
eported;  and  for  those  that  are,  the  reports 
ften  do  not  clearly  indicate  where  the  acci- 
lents  occurred.  But  one  of  the  greatest 
leterrents  has  been  the  lack  of  information  on 
-ccident  costs  related  to  the  types  of  vehicles, 
lasses  of  highways,  roadway  features,  types 
>f  accidents,  and  severity  of  accidents. 


and  a  Comparison  of  Accident  Costs 
in  Utah  and  Massachusetts 


Application  of  Accident  Cost  Factor 

Traffic  accident  data  should  be  one  of  the 
highway  planner's  most  important  tools  to 
justify  street  and  highway  improvements. 
Just  to  illustrate  this  point,  a  traffic  accident 
study  was  made  on  State  Street  in  Salt  Lake 
City.  The  study  section,  17  blocks  in  length, 
carried  over  30,000  vehicles  daily.  During  a 
3-year  period,  more  than  1,000  traffic  acci- 
dents occurred  on  this  street,  and  over  700 
of  them  took  place  at  intersections.  The 
street  is  a  6-lane  divided  roadway  with  parallel 
parking  on  each  side. 

It  is  estimated  that  had  this  traffic  been 
carried  on  a  street  of  freeway  design,  slightly 
more  than  200  accidents  would  have  been 
expected  instead  of  1,000.  An  Interstate 
System  improvement  is  being  planned  to 
parallel  State  Street,  and  the  portion  parallel- 
ing the  I7-block  study  section  is  expected  to 
carry  100,000  vehicles  daily  by  1975. 

According  to  the  Utah  accident  cost  study, 
the  direct  cost  for  passenger-car  accidents 
occurring  on  major  urban  arteries  was  0.49 
cent  per  vehicle-mile.  Using  Utah  study  data, 
it  was  estimated  that  the  direct  cost  of  acci- 
dents on  the  Interstate  System  would  be  only 
0.13  cent  per  freeway  vehicle-mile.  Thus, 
there  would  be  a  savings  in  accident  costs  of 
0.36  cent  per  vehicle-mile  on  streets  of  freeway 
design.  Based  on  an  estimated  traffic  volume 
of  100,000  vehicles  daily  by  1975,  the  savings 
in  accident  costs  would  approach  $330,000 
annually. 

The  significant  point  is  that  an  accident 
cost  savings  of  such  magnitude  should  not  be 
overlooked  in  justifying  an  investment  of  $20 
million,  as  would  be  required  in  constructing  a 
freeway  parallel  to  State  Street.  Furthermore, 
the  savings  figure  is  on  the  conservative  side 
because  it  does  not  include  indirect  costs 
relating  to  traffic  accidents. 

In  this  analysis,  the  reduction  in  traffic 
accidents  on  freeways  was  based  upon  the 
California  study2  which  indicated  that  there 
were  five  times  fewer  accidents  on  their 
freeways  than  on  local  streets.  In  addition, 
in  the  analysis,  the  accidents  expected  on  the 


freeway  were  distributed  as  to  type  in  accord- 
ance with  those  happening  on  the  Detroil 
Expressway.  This  was  done  in  order  to 
isolate  those  types  of  accidents  that  could  not 
occur  on  a  freeway. 

Utah  and  Massachusetts  Results 
Compared 

The  Utah  State  Road  Commission  has 
completed  a  study  of  the  passenger-car  phase 
of  traffic  accident  costs.  It  was  based  upon 
passenger  cars  registered  by  the  Utah  State 
Motor  Vehicle  License  Bureau  in  1955.  A 
sample  was  selected  from  the  registration  list, 
a  universe  of  268,000  passenger  cars.  The 
registration  sample  was  deemed  to  be  of 
sufficient  size  to  satisfactorily  approximate 
the  general  accident  experience  of  the  motoring 
public,  but  in  order  to  obtain  more  detailed 
information  on  fatal  and  nonfatal  injury 
accidents  the  State's  accident  files  were  sam- 
pled at  a  much  higher  rate  than  the  registra- 
tion list. 

Only  a  small  portion  of  the  data  collected 
in  the  Utah  accident  cost  study  is  reported 
here,  in  tables  1-4,  to  provide  a  comparison 
of  the  number  of  traffic  accidents  and  their 
costs  in  Utah  and  Massachusetts.3  When 
comparing  the  values  for  the  two  States,  it 
must  be  kept  in  mind  that  the  base  year  of 
the  Utah  study  was  1955,  and  for  the  Massa- 
chusetts study  it  was  1953.  Since  only  a 
two-year  difference  was  involved,  no  attempt 
was  made  to  adjust  the  data  to  a  common 
year. 

The  size  of  Utah  is  82,346  square  miles, 
whereas  in  Massachusetts  the  area  is  7,867 
square  miles.  In  1955,  Utah  had  a  population 
of  797,000;  there  were  268,000  registered  pas- 
senger cars,  455,000  licensed  drivers,  31,400 
miles  of  highways  and  streets,  and  2,523 
million  vehicle-miles  of  travel.  During  1953, 
there  were  4,773,000  persons  living  in  Massa- 
chusetts, 1,239,000  registered  passenger  cars, 
1,858,000  licensed  drivers,  24,500  miles  of 
highways  and  streets,  and  11,628  million 
vehicle-miles  of  travel. 


'  Presented  at  the  39th  annual  meeting  of  the  Highway 
lesearch  Board,  Washington,  D.C.,  January  1960. 
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2  The  Economy  of  Freeways,  by  Lloyd  Aldrieh.    City  of 
Los  Angeles,  Street  and  Parkway  DesignDivision,  June  1953. 


3  A  discussion  of  the  Massachusetts  data  may  be  found  in 
the  article  The  Economic  Costs  of  Motor-Vehicle  Accidents  of 
Different  Types,  by  Robie  Dunman.  PUBLIC  ROADS,  vol.  30, 
No.  2,  June  1958. 
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Table  1. — Comparison  of  the  number  of  motor-vehicle  traffic  accidents  involving  passenger  cars  in  Utah  during  1955  and  in 

Massachusetts  during  1953 


ttem  of  comparison 

Number 

3f  accidents 

Percent 

of  total 

Number  of  resi- 
dents per  accident 

Number  of  regis- 
tered passenger  cars 
per  accident 

Number  of  licensed 

operators  per 

accident 

Number  of  acci- 
dents per  100 

million  vehicle- 
miles  of  travel 

Utah 

Mass. 

1 

Vlass 

Utah 

Mass. 

Utah 

Mass. 

Utah 

Mass. 

Utah 

Mass. 

Severity  of  accident: 

77 
9.048 

38,  453 

17.  578 

29,044 

1.  792 

741 

11,921 

4, 080 

47,  578 

315 
33,270 

97,  951 

131.536 

109,  730 
5,848 
7,260 
6.464 
2,234 

131,  536 

0.2 
19.0 

80.8 

100.0 

id  ii 
3.8 
1.5 

25.1 
8.6 

100.0 

0.2 
25.3 

74.5 

100.0 

83  1 

4.5 
5.5 
4.9 
1.7 

100.0 

10, 350 
88 
21 

17 

27 

445 

1,076 

67 

195 

17 

15,152 
143 
49 

36 

44 

809 

654 

746 

2,170 

36 

3,481 

3(1 
7 

6 

9 

150 

362 

22 

66 

6 

3,933 

37 
13 

9 

11 
210 
170 
194 
563 

9 

5,909 

50 
12 

10 

Hi 
254 
614 

38 
112 

10 

5,898 
56 
19 

14 

17 
315 
255 
290 
845 

14 

3.1 
359 

1,  524 

1,886 

1,151 

71 

29 
473 
182 

1,886 

2.7 
286 
842 

1,131 

943 
51 
63 
55 
19 

1,131 

Type  of  accident: 
Passenger-car  collision  with— 
Other  motor  vehicles 

Table  2. — Comparison  of  direct  costs  of  motor-vehicle  traffic  accidents  involving  passenger  carsin  Utah  during  1955 and  in  Massachus* 

<luring  1953 


Item  of  comparison 


Severity  of  accident: 

Fatal  injury 

Nonfatal  injury 

Property-damage-only 

All  accidents 

Type  of  accident: 

Passenger-car  collision  with 

Other  motor  vehicles 

Pedestrians 

Fixed  objects 

Other  objects 

Non-collision  accidents 

All  accidents 


Total  direct  cost 


Utah 


It  1, 000) 

2S4 

11.559 

11,506 

23,  349 


17.401 

1.417 

271 

1.  SMI 

2.  380 
23.  349 


Mass. 


($l.ooo, 

1.642 

2.s.  lixs 

19,  894 

50, 224 


41,816 

3.  375 

3,023 

673 

1,337 

50. 224 


Percent  oi  total 


Utah 


1.2 
49.5 
49.3 

100.0 


74.5 
6.1 
1.2 
8.0 

10.2 


100.  0        100.  0 


Mass. 


3.3 
57.1 
39.6 

100.0 


83.3 
6.7 
6.0 
1.3 

2.7 


Total  direct  cost 


Per  accident 


Utah 


$3,  690 

1.277 

299 

491 


.-.'.19 
791 
366 
158 
583 


Mass. 


$5,  213 
862 
203 

382 


381 
572 
414 
105 
608 

382 


Per  capita 


Utah       Mass. 


$0. 36 
14.50 
14.44 

29.30 


21.  83 

1.78 

.34 

2.36 

2.99 

29.30 


$0.  34 
6.01 
4.17 

10.52 


8.76 
.71 
.63 
.14 
.28 


Per  passenger 

ear  registered 


ut 

ah 

$1.06 

43 

13 

42.93 

87 

12 

64 

93 

5 

29 

] 

01 

7 

01 

8 

88 

87 

12 

Mass. 


$1.32 
23.  15 
16.06 

40.53 


33.75 

2.72 

2.44 

.54 

1.08 

40.53 


Per  licensed 
operator 


Utah 


$0.  62 
25  in 
25.29 

51.31 


38.24 

3  11 

.60 

4.13 

5.23 

51.31 


Mass. 


15.44 
10.71 


27. 113 


22.50 

1.82 

1.63 

.36 

.72 

27.03 


Per  mile  of 
road 


Utah      Mass. 


$9 
368 
366 

743 


554 

45 

8 

60 

76 

743 


$67 

1,171 

812 

2.  050 


1,707 
138 
123 

27 
55 

2,050 


Per  100  millio 
vehicle-mile; 
of  travel 


Utah 


($1,000) 

11 

458 

456 

925 


690 
56 
11 
74 
94 

925 


M  :i 


•-  /  ,0' 

171 
13J 


36 


21 


435 


In  comparing  the  accident  rates  and  costs 
for  the  two  States,  it  is  quite  evident  that  the 
results  were  influenced  by  such  factors  as 
population  density,  travel  speeds,  urban  char- 
acteristics, etc.  It  is  likely  that  many  of  the 
differences  could  be  explained,  but  to  interprel 
the  accident  experience  of  States  so  widely 
separated  geographically  and  having  such  dis- 
similar characteristics  is  beyond  the  scope  of 
this  article.  Population  density  alone  would 
be  a  major  factor  to  consider  in  any  analysis 
of  traffic  accidents.  In  Massachusetts  there 
were  596  persons  per  square  mile,  as  compared 
with  10  in  Utah. 

In  spite  of  the  dissimilarities  of  the  two 
States,  however,  there  is  remarkable  consis- 
tency in  the  relative  distribution  of  accidents 
when  classified  according  to  severity  and  type. 
The  most  common  method  of  comparison  is 
to  express  the  number  of  accidents  and  their 
costs  in  terms  of  100  million  vehicle-miles  of 
travel.  This  is  done  in  the  last  two  columns 
of  the  tables.  In  general,  accidents  were 
costlier  in  Utah  than  in  Massachusetts,  re- 
gardless of  severity  or  type  of  accident  or 
type  of  collision. 

An  attempt  to  draw  conclusions  on  the 
basis  of  the  (lata  presented  here  for  two 
strikingly  different  States  would  not  be  justi- 
lieil,  hut  certainly  the  results  add  significantly 
to  the  knowledge  needed  to  develop  national 
trends  of  t  raffle  accidents. 


Table  3. — Comparison  of  the  number  of  collisions  between  passenger  cars  or 
passenger  cars  and  other  motor  vehicles  in  Utah  during  1955  and  Massa- 
chusetts during  1953,  classified  by  type  of  collision 


Type  of  collision 

Number  of 
collisions 

Percent  of  total 

Number  per  100 
million  vehicle- 
miles  of  travel 

Utah 

Mass. 

Utah 

Mass. 

Utah 

Mass. 

9.911 
10.  580 
1.117 
2.394 
755 
1,876 

2,411 

29, 044 

53, 320 
22,  501 
12,  789 
7.114 
1,486 
4,752 

7,768 

109,  730 

34.  1 
36.4 
3.9 
8.2 
2.6 
6.5 

8.3 

100  ii 

48.6 
20.5 
11.6 
6.5 
1.4 
4.3 

7.1 

100.0 

393 
419 
44 
95 
30 
74 

96 

1.  151 

458 
193 
110 
61 
13 
41 

67 

943 

Rear-end...   . 

Head-on 

Sideswipe  (opposite  direction) 

Parking   maneuver  and   backing   in 

All  collisions .  .          .     ._      . 

Table  1. — Comparison  of  dirfect  costs  of  collisions  between  passenger  cars  or  passenger  c 
and  other  motor  vehicles  in  Utah  during  1955  and  Massachusetts  during  1953,  classit 
by  type  of  collision 


Type  of  collision 


Angle   

Rear-end 

Head-on 

Sideswipe  (same  direction) 

Sideswipe  (opposite  direction) 

Turning  movement 

Parking    maneuver    and    backing 
traffic  lane 

All  collisions  


Total  direct  cost 


Utah 


($1 ,000) 
Ii.  596 
6,  058 
1 .  834 
1.  157 
351 


919 

17,  inl 


Mass 


($1,000) 
17,386 
10,842 
9,078 
1,958 
706 
1,  114 

732 

41.816 


Pel  cent  of 
total 


I   l.ih       Mass. 


37.  9 
34.8 
10.5 
6.7 
2.0 
2.8 

5.3 

100.  0 


41.6 
25.9 
21.7 
4.7 
1.  7 
2.7 

1.7 

100.0 


Average  cost 
per  accident 


Utah       Mass. 


$666 

573 

1,642 

483 

165 
259 

381 

599 


$327 
482 
709 
276 
471 
232 

94 

381 


Cost  pet  100 
million  vehicle! 
miles  of  travel 


Utah 


($1,000) 
261 
240 
73 
46 
14 
19 

36 

690 


Mass 


150 
93 

78 

10 
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Figure  I. — Kilrec  Timer  (in'ffi  panel  door  open). 
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NE  of  the  tedious  tasks  in  research 
studies  of  portland  cement  concrete  dual- 
Irum  paver  operation  is  stop-watch  timing 
f  the  paver  cycle  and  mixing  time.  To  do 
his  job  automatically,  the  Bureau  of  Public 
,oads  recently  developed  a  device  which 
easures  the  elapsed  time,  in  hundredths  of 
,  minute,  of  certain  elements  of  the  paver 
ycle,  and  prints  the  data  on  paper  tape.  The 
[evice,  named  the  Kilrec  Tinier  in  recognition 
if  its  co-developers,  M.  J.  Kilpatrick  and 
V.  N.  Records,  is  assembled  from  commer- 
ially  available  components,  including  a 
•rinting  timer,  a  suitable  converter  to  provide 
10-volt  alternating  current  from  the  paver 
torage  battery,  and  control  circuits  of  relays, 
apacitors,  and  switches.  The  equipment  is 
loused  in  a  dustproof  container  with  an 
xternal  hookup  panel.  Intermittent  demand 
or  current  is  about  100  watts. 

To  operate  the  device,  suitable  switches, 
rired  to  the  control  mechanism,  are  attached 
o  the  transfer  and  discharge  chutes  of  the 
■aver.  Closing  of  the  transfer  chute  or 
pening  of  the  discharge  chute  actuates  the 
ppropriate  switch,  which  completes  an 
lectrical  circuit  and  thereby  causes  the  timer 
o  record  the  time  that  has  elapsed  since  the 
receding  switch  actuation.  The  elapsed  time 
nd  an  indication  of  which  switch  closed,  is 
utomatically  printed  on  a  paper  tape. 
,en  Figure  2  represents  a  section  of  tape,  with 
isi  itcrpreted  data  added  on  each  side.  On  the 
ipe  itself,  DT  represents  the  closing  of 
— he  transfer  chute,  and  the  time  recorded 
pposite  the  symbol  is  the  time  interval  from 
lie  opening  of  the  discharge  chute  to  the 
losing  of  the  transfer  chute.  During  this 
eriod  only  one  batch  is  in  the  paver,  in 
ither  the  first  or  second  compartment  of 
he  drum. 

TD  on  the  tape  represents  the  opening  of 
he  discharge  chute,  and  the  time  recorded 
pposite  this  symbol  is  the  time  interval  from 
he  closing  of  the  transfer  chute  to  the  opening 
f  the  discharge  chute.  This  is  the  period  of 
imultaneous  mixing,  when  there  is  a  separate 
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batch  in  each  of  the  two  compartments  of  the 
drum.  (The  printing  timer  actually  prints 
the  digits  1  or  2  on  the  tape,  but  DT  and  TD 
are  used  in  the  illustration,  with  successively 
numbered  subscripts,  for  clarity  in  the  ex- 
planation that  follows.) 

Referring  to  figure  2,  it  may  be  seen  how 
actual  paver  cycle  time  is  derived  from  the 
tape.  The  first  simultaneous  mixing  interval, 
TDi,  was  0.26  minute.  The  next  time  in- 
terval, DT_>,  was  0.47  minute,  and  accounts 
for  discharging  time,  transfer  time,  and  any 
delay  time  in  raising  the  skip.  The  sum  of 
these,  shown  at  the  left  of  the  tape,  was  0.73 
minute,  and  this  was  the  time  elapsed  during 
that  particular  paver  cycle. 

The  data  in  figure  2  were  obtained  on  a 
paver  whose  batchmeter  was  set  for  a  mini- 
mum mixing  time  of  0.90  minute  (54  seconds) 
and  a  minimum  paver  cylce  of  0.65  minute 
(39  seconds).  From  these  values,  it  was  cal- 
culated that  the  minimum  simultaneous  mixing 
time,  TD,  should  be  0.33  minute  and  the  mini- 
mum non  simultaneous  mixing  time,  DT, 
should  be  0.32  minute.  In  the  two  columns 
at  the  extreme  left  of  the  tape,  in  figure  2, 
comparison  is  made  of  the  actual  elapsed  time, 
as  recorded,  with  these  minimum  values. 
For  example,  TDi,  recorded  on  the  tape  as 
0.26  minute,  was  0.07  minute  less  than  the 
minimum  value  of  0.33  minute.  Minus  signs 
indicate  that  the  actual  elapsed  time  was 
shorter  than  should  be  expected  with  the 
batchmeter  setting;  plus  signs  indicate  longer 
elapsed  time — that  is,  delays. 

The  total  mixing  time  of  each  successive 
batch  passing  through  the  paver  can  also  be 
derived  from  the  data  printed  on  the  tape. 
The  first  batch  recorded  in  figure  2,  for  ex- 
ample, entered  the  first  compartment  when 
the  transfer  chute  closed,  at  the  point  in  time 
represented  by  DT,.  It  had  been  mixing  0.26 
minute  when  the  discharge  chute  opened 
(TDj)  to  discharge  the  preceding  batch  from 
the  second  compartment.  Mixing  continued 
for  the  batch  in  the  first  compartment  while 
discharge   was   underway.     By   the   time   the 


Automatic 
Time  Recorder  for 
Dual-Drum  Paver 
Operation 


transfer  chute  had  opened  and  closed  again, 
shifting  the  batch  from  the  first  to  the  second 
compartment,  at  DT2,  another  0.47  minute 
had  elapsed.  When  the  discharge  chute  again 
opened,  at  TD2,  beginning  discharge  of  the 
batch  into  the  bucket,  0.32  minute  more  had 
elapsed. 

The  total  elapsed  time  recorded  for  this 
batch  was  0.26  +  0.47  +  0.32=1.05  minute-. 
However,  from  this  total  must  be  deducted 
the  time  lag  between  the  moment  of  the  first 
transfer  chute  closing  and  the  entry  of  all 
solid  material  from  the  skip  into  the  first 
compartment.     This  averages  about  0.08  min- 


Variance  from 
minimum  values 
based  on  batch- 
meter setting 

TD  =    DT  = 
0.33    0.32 


Paver 
cycle 
time 


Mixing 
time 
(minus 
0.08) 


-.07 


.01 


♦.1? 


+  .07 


TAPE 
IA/W\/1 


.n{ 


+  .20 


.01 


+  .01 


+  .01 


.85 


-.03 


+1.21* 


1.90 


«{ 
{ 


DT, 


TD. 


DT. 


TD. 


DT 


TD. 


DT, 


TD, 


DT_ 


TD. 


DT, 


TD, 


.29 
.26 
.1*7 

.32 
.39 
.33 
.32 
.53 
.32 
.3u 
.29 
.% 


DT?  1.56 


TD„ 


■  3U 


.97 


.96 


1.10 


1.11 


.89 


2.16 


vwwa 

Figure  2. — A  sample  tape  recorder!  by  the 
Kilrec  Timer.  with  interpreted  data 
added. 
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ate.  Hence  the  mixing  time  of  this  batch  was 
1.05  0.08  =0.97  minute,  as  shown  al  the  right 
of  the  tape  in  figure  2. 

From  the  illustration  it  ran  he  seen  that 
three  hatch  mixing  times,  0.97,  0.96,  and  0.81) 
minute,  were  only  a  few  seconds  off  the  hatch- 
meter  se1  time.  It  will  be  noted,  however, 
thai  there  was  considerable  compensating 
fluctuation  in  the  individual  elapsed  times  of 
the  three  stages  composing  the  total  mixing 
lime.  The  long  mixing  times  of  the  third 
and  fourth  batches,  1.10  and  1.11  minutes, 
were  due  to  the  0.20-minute  delay  in  TD4.  In 
this  step  of  the  paver  operation,  the  delay 
must  have  occurred  in  opening  the  discharge 
chute.  The  lasl  batch  illustrated  had  a  mix- 
inn    time   of    2.16   minutes,    due    to    the    1.24- 


minute  delay  in  DT7.  This  delay,  which  must 
have  occurred  in  raising  the  skip,  resulted  in  a 
mixing  time  almosl  '-"_•  times  the  batchmeter 
se1  ling. 

It  is  evident  from  this  explanation  of  the 
data  that  can  he  derived  from  the  Kilrec 
Timer  tape,  that  the  device  readily  produces 
the  following  information: 

1.  The  mixing  time  for  individual  batches 
of  concrete. 

2.  The  paver  cycle  time. 

3.  The  frequency  and  duration  of  delays, 
and  whether  they  occur  at  the  skip  or  at  the 
discharge  chute. 

4.  The  location  of  the  individual  hatches, 
insofar  as  mixing  time  is  concerned,  in  rela- 
tion   to    other    batches    produced    dming    the 


period  that  the  timer  is  attached  to  the  pave 
While  the  Kilrec  Timer  was  developed  fi 
Use  in  research,  il  could  also  readily  he  en 
ployed,  either  by  the  contractor  or  the  co» 
tracting  authority's  inspector,  and  either  c 
the  job  while  the  paver  is  operating  or  late) 
for  purposes  of  checking  the  operation  of  tl 
paver  and  comparisons  of  actual  with  specul 
mixing  time. 

Details  as  to  the  components  and  eircuiti 
used  in  building  the  Kilrec  Timer  may  1 
obtained  by  writing  to  the  Highway  Nefl 
and  Economy  Division,  Bureau  of  Publ 
Roads,  Washington  2.5,  D.C.  The  cost  . 
the  components  and  materials  used  in  tl 
recorder  built  by  Public  Roads  was  approx 
match-  $900,  of  which  $750  was  for  tl 
print  ing  timer. 


The  Economic  Cost  of  Traffic  Accidents  in  Relation  to  the  Highway  Systems 


(Continued  from  page  1,3) 

traffic,  there  was  some  variation  from  the 
1955  curves.  Values  on  the  uncontrolled- 
access  highways  were  somewhat  lower  than 
the  curve  in  this  volume  range.  One  explana- 
tion for  this  may  be  that  the  over-crowding  of 
the  uncontrolled-access  roads  actually  tends 
to  prevent  certain  types  of  collisions. 

Data  for  only  one  section  of  the  controlled- 
access   highways   in  this    high    volume   range 


were  available-  Route  128,  a  section  of  the 
northern  circumferential  highway  near  Boston. 
This  section  of  highway,  although  opened  in 
1952,  has  been  reaching  capacity  and  it  is  now 
being  improved  to  higher  standards.  The 
accident  rate  on  this  highway  section  was 
161.7  accidents  per  100  million  vehicle-miles 
in  1957.  This  was  double  the  rate  in  1953 — 
accident  costs  per  mile  had  increased  from 
$19,100  in   1955  to  $30,100  in    1957.      When 


improvement  of  this  section  is  complett 
there  should  be,  without  doubt,  a  reversal  i 
the  upward  trend. 

In  summation,  it  may  be  stated  that  tl 
low  accident  rates  and  costs  on  the  controller 
access  highways  are  consistent  with  previa 
findings.  These  highways  most  certain,  j 
contribute  their  part  in  maintaining  a  con 
paratively  low  accident  rate  on  the  Sta 
highways  in  the  Federal-aid  primary  systen 


Highway  Statistics,  1958 

The  Bureau's  Highway  Statistics,  1958  is 
now  available.  The  bulletin,  the  fourteenth 
of  an  annual  series,  presents  I  he  1958  statis- 
tical and  analytical  tables  of  general  interesl 
on  motor  fuel,  motor  vehicles,  highway-user 
taxation,    State    and    local    highway    finance, 


highway      mileage,      and      Federal     aid      for 
highways. 

Included  in  the  1958  bulletin  are  motor- 
vehicle  travel  data  for  1957  and  1958,  data 
on  contract  bid  prices  for  rural  Federal-aid 
highway  construction,  and  mileage  data  and 
status  of  the  National  System  of  Interstate 
Highways.  In  addition,  there  is  included  the 
status    of   the    Highway    Trust    Fund,    which 


gives  the  contributions  and  expenditures  ( 
a  current  basis. 

The  150-page  publication  may  lie  purchase 
from  the  Superintendent  of  Documents,  V. 
Government  Printing  Office,  Washington  2 
D.C,  at  $1.00  a  copy.  The  series  of  anna 
bulletins  that  are  available  from  the  Supeffl 
tendent  of  Documents  are  indicated  on  tl 
inside  back  cover  of  Public  Roads. 
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Driver  Tension  Responses 
Generated  on  Urban  Streets 


3Y  THE  DIVISION  OF  TRAFFIC  OPERATIONS 
1UREAU  OF  PUBLIC  ROADS 


Reported  '  by  RICHARD   M.   MICHAELS, 
Research  Psychologist 


The  purpose  of  this  Study  was  to  relate 
river  tension  responses  to  events  in  traffic 
'•hich  caused  the  driver  to  make  an  overt 
flange  in  speed  or  lateral  location  of  the 
•'hide  being  driven.  In  order  to  measure 
'ie  tension  responses  the  galvanic  skin 
>flex  (GSR)  teas  employed.  Ten  drivcr- 
ibjects  ivere  used  on  two  urban  test  routes, 
nd,  over  a  2-week  period,  each  subject 
rove  each  route  25  times.  The  routes 
ere  driven  during  five  traffic  time  periods, 
icluding  peak,  off  peak,  and  night. 

The  galvanic  skin  responses  ivere  meas- 
red  continuously  during  each  trip.  The 
'affic  events  causing  the  responses  ivere 
Iso  determined  independently  by  an 
bserver  anil  registered  on    the  GSR  record. 

The  results  of  the  tests  indicated  that 
•affic  events  occurred  at  a  rate  of  1  every 
I  to  35  seconds.  Of  these  events,  85  per- 
°nt  generated  a  measurable  galvanic  skin 
'sponse.  It  was  also  determined  that  of 
'ie  measurable  responses,  95  percent  were 
uised  by  8  types  of  traffic  interferences: 
'ie  most  prevalent  of  which  involved  other 
'hides  in  the  traffic  stream.  This  one 
■pe  of  traffic  interference  accounted  for 
ver  60  percent  of  all  responses. 

j'N  most  analyses   of  the   operational   char- 

'.  acteristics  of  traffc  on  an  urban  street,  the 

idividual  motor  vehicle  is   usually  undiffer- 

ritiated  from  the  whole  of  traffc.     Instead, 

ie  factors  determining  the  operations  of  the 

reet  are  inferred  from  certain  physical  meas- 

rements  of  the  mass  of  traffic  itself.     There 

ave  been  relatively  few  attempts  to  utilize 

river  behavior  itself  as  a  measure  of  traffic 

haraeteristics,  or  as  a  means  for  discriminat- 

lg   among   different   streets    (1,2).2     In    this 

j;udy  an  attempt  has  been  made  to  explore 

ie  possibility  of  using  driver  behavior  as  an 

jistrument  for  the  analysis  of  highway   and 

affic  characteristics. 

In  developing  a  measure  of  driver  behavior 
•om  which  it  would  be  possible  to  draw  infer- 
■r.ces  about  the  highways  under  study,  two 
lasses  of  questions  were  of  particular  interest: 
I  •  Are  there  stable  characteristics  of  different 
beets  that  can  be  discriminated  by  some 
leasure  of  driver  behavior? 


!  This  article  was  presented  at  the  30th  Annual  Meeting  of 
ie  Highway  Research  Board.  Washington,  D.C.,  January 
160. 

2  Italic  numbers  in  parentheses  refer  to  a  list  of  references 
ii  page  71. 


HJBLIC  ROADS  •  Vol.  31,  No.  3 

554678 — 60 1 


•  Are  there  stable  characteristics  within  a 
street  and  of  the  traffic  on  it  which  can  be 
discriminated,  using  some  measure  of  driver 
behavior? 

The  hypothesis  which  indicated  the  choice 
of  behavioral  measure  was  that  the  frequency 
and  complexity  of  decisions  required  in  driving 
on  urban  streets  is  so  great  that  the  driver  is 
under  a  high  level  of  tension.  This  hy- 
pothesis implies  that  the  frequency  and  magni- 
tude of  tension  responses  aroused  in  driving 
will  vary  in  some  relation  to  the  nature  of  the 
street  and  of  the  traffic. 

Galvanic  Skin  Reflex 

There  are  a  variety  of  behavioral  measures 
which  may  be  employed  to  measure  tension 
responses.  However,  for  the  purposes  of  this 
study  it  was  desirable  to  have  a  measure  that 
was  directly  relatable  to  events  in  traffic  or 
the  street  on  the  one  hand  and  also  one  that 
was  a  reliable  indicator  of  driver  tension 
response.  A  physiological  measure  that  most 
nearly  fulfilled  these  requirements  is  the 
galvanic  skin  reflex  (gsr).  This  is  a  response 
occurring  in  the  skin,  manifesting  itself  as  a 
change  in  the  electrical  resistance  of  the  skin. 
The  reflex  is  induced  by  activity  of  the  auto- 
nomic nervous  system  and  is  initiated  by 
unexpected  stimuli  that  may  be  startling  or 
tension  inducing.  The  response  appears  as  a 
decrease  in  skin  resistance,  and  the  magnitude 
of  the  reduction  is  correlated  with  the  intensity 
of  the  inducing  stimuli  (.?).  Thus,  the  gsr 
represents  one  way  to  quantify  the  effects  of 
an  emotion-inducing  stimulation. 

An  important  characteristic  of  the  gsr  is 
its  relation  to  the  conscious  experiences  of  the 
subject.  It  has  been  proved  that  there  is  a 
very  high  correlation  between  the  gsr  re- 
sponses and  the  subject's  awareness  of  the 
inducing  stimuli  (4) — a  direct  correspondence 
between  the  gsr  itself  and  the  event  which 
caused  its  arousal.  In  general,  the  gsr  is 
a  means  for  quantifying  those  conscious 
experiences  which  arouse  tension  and,  for  the 
purposes  of  the  study,  this  was  ideal  as  it 
allowed  a  reliable  relation  of  the  emotional 
response  to  the  traffic  event  which  generate.! 
it. 

Study  Proeeelure 

Two  Washington,  D.C.,  arterial  streets 
served    as    test    routes    for    litis    study.     One 


route  was  a  major  arterial  to  and  from  the 
downtown  Washington  area.  The  second 
route  paralleled  and  functioned  as  an  alternate 
to  the  first  route.  Both  wen  !':  miles  in 
length.  The  characteristics  of  each  were 
quite  dissimilar.  Route  No.  1  served  a  con- 
siderable number  of  traffic  and  commercial 
land-use  functions  that  were  not  found  on  the 
alternate  route.  The  alternate  route  ran 
primarily  through  a  residential  area,  had 
almost  no  commercial  traffic,  and  transit 
facilities  were  located  on  only  a  small  portion 
of  its  length.  In  addition,  the  street  width 
varied  from  two  to  four  lanes  over  the  V: 
miles.  There  was  also  considerable  variation 
in  both  grade1  and  curvature  over  this  distance. 

In  order  to  relate  galvanic  skin  responses  to 
driving  on  the  test  routes,  it  was  necessary  to 
develop  a  list  of  types  of  traffic  interferences 
since,  in  addition  to  the  physiological  measure 
of  tension,  it  was  necessary  to  specify  the 
causes  of  these  responses.  This  required 
establishing  some  criterion  of  what  constituted 
an  interference  in  driving. 

Since  the  concern  of  the  research  was  to 
relate  street  and  traffic  characteristics  to 
driving  behavior,  it  was  decided  that  only 
those  events  which  induced  the  driver  to 
change  either  the  speed  or  lateral  location  of 
the  motor  vehicle  would  be  considered.  This 
criterion  implied  that  any  change  forced  upon 
the  driver  was  potentially  tension  inducing. 
An  additional  restriction  imposed  was  that 
only  the  most  direct  cause  of  these  changes 
would  be  classified  as  the  inducing  traffic 
event.  Thus,  for  example,  the  driver  might 
be  in  a  stream  of  traffic  which  was  forced  to 
-lop  tor  a  traffic  signal.  If  the  test  vehicle 
were  not  the  first  to  approach  the  signal,  then 
the  event  which  caused  his  change  in  speed 
was  considered  to  lie  the  vehicle  in  front 
of  him  rattier  than  the  traffic  signal.  Although 
such  a  distinction  was  arbitrary,  it  served  two 
purposes.  First,  it  reflected  what  (lie  test 
driver  directly  responded  to,  even  though  he 
might  have  been  aware  of  oilier  events  that 
were  actually  involved;  and  second,  such  a 
distinction  greatly  increased  the  reliability  of 
observation. 

This  rationale  oversimplifies  the  driving 
situation,  for  there  was  no  question  that  the 
driver  was  aware  of  events  considerably  far- 
ther ahead  than  a  car  length.  In  addition, 
this  system  was  limited  in  its  ability  to 
specify   multiple  and  fast-changing  situation-. 
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However,  it  was  felt  that  reliability  of  ob- 
servation was  far  more  important  than  de- 
tailed specification  of  traffic  interferences. 
From  these  considerations,  a  list  of  observed 
traffic  events  was  developed.  By  code  num- 
ber, the  observed  tension  inducing  traffic 
interferences  were: 

1.  Parking  maneuvers.-  Vehicles  in  the 
process  of  parking  or  already  double  parked. 

2.  Marginal  pedestrians.-  Pedestrians  at  or 
near  the  curb  beginning  to  move  into  the 
s1  reet. 

3.  Instream  vehicles. — Vehicles  in  the  traffic 
stream  in  front  of  or  adjacent  to  the  test 
vehicle. 

4.  Transit  loading  platforms  (route  No.  1).— 
Loading  platforms  located  in  the  street. 
Opposing  vehicles  (route  No.  2). —  Vehicles  ap- 
proaching the  test  vehicle  from  the  opposite 
direction. 

5.  Instream  pedes! nans.  Pedestrians  al- 
ready in  the  street  either  directly  in  or  ap- 
proaching the  path  of  the  test  vehicle. 

6.  Diverging  vehicles. — Vehicles  attempting 
to  leave  or  disassociate  from  the  traffic  stream 

7.  Merging  am!  crossing  vehicles. — Vehicle- 
other  than  those'  in  the  stream  of  travel 
attempting  to  join  or  cross  the  traffic  stream. 

8.  Traffic  signals.  Traffic  controls  or  sig- 
nals which  directly  induced  a  change  in  the 
speed  of  the  test  vehicle. 

The  eight  broad  categories  were  determined 
in  part  by  the  nature  of  the  street.  Thus,  on 
route  No.  1,  streetcar  loading  platforms  were 
obvious  interferences  and  were  specifically 
included.  On  route  No.  2,  however,  this  was 
replaced  by  a  medial  friction  event.  In  addi- 
tion to  being  based  on  the  actual  nature  of  the 
study  routes,  these  events  were  also  predicated 
upon  certain  friction  concepts  of  traffic  flow. 
As  may  be  seen,  the  list  is  a  compromise  be- 
tween the  general  ease  of  four  frictions  and 
the  more  specific  individual  conflicts  that 
occur  in  t  raffic. 

For  the  conduct  of  the  experiment,  a 
passenger  car  with  automatic  transmission 
was  used.  Study  teams  consisted  of  a  driver 
an  observer,  and  a  recording  instrument  opera- 
tor. The  observer  served  as  the  team  leader 
during  the  experiment.  It  was  the  duty  of  the 
observer  to  specify  when  a  traffic  event  occur. 
red  and  which  event  caused  the  change  in 
vehicle  operation.  These  were  reported  to  the 
instrument  operator  who  was  seated  in  the 
rear  seat  of  the  vehicle.  He  in  turn  coded  the 
information  on  the  gsr  recorder,  and  was  the 
only  member  of  the  team  to  have  knowledge 
of  t  he  driver's  responses. 

The  drivers  were  instructed  to  travel  the 
route  by  floating  with  the  traffic  wherever 
possible.  With  these  instructions,  the  general 
p.ii  tern  of  driving  was  quite  consistent  among 
the  test  drivers.  Although  some  differences  in 
driving  patterns  and  driving  habits  were 
noted,  the  differences  were  generally  quite 
minor  and  ordinarily  very  subtle. 

At  the  outset  of  the  test  run,  electrodes  were 
placed  on  the  first  and  third  fingers  of  the  left 
hand  of  the  test  driver.  Although  a.  variety 
of  electrode  placements  were  tried,  it  was 
found  that  placement  on  these  two  fingers 
gave  t  he  most  sensitive  response,  were  mechan- 
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ically  the  simplest  to  place,  and  allowed  the 
driver  to  operate  the  vehicle  normally.  After 
placement  of  the  electrodes,  a  normal  resting 
level  (that  is,  a  basal  level)  for  skin  resistance 
was  determined.  The  recording  machine  con- 
tained a  feedback  circuit  for  balancing  out 
drift  in  the  basal  level.  Thus,  only  deviations 
from  an  arbitrary  zero  level  were  measured. 

The  sensitivity  level  for  each  driver  was 
adjusted  empirically  at  the  beginning  of  the 
test  run.  Usually  a  startle  stimulus  was  em- 
ployed and  the  sensitivity  raised  until  the  full 
scale  of  deflection  was  obtained.  For  all 
drivers  the  required  sensitivity  range  was 
quite  narrow.  Determining  the  sensitivity 
range  did  not,  of  course,  eliminate  individual 
differences  among  the  drivers,  but  it  did  reduce 
the  variability  for  an  individual  driver  from 
run  to  run. 

Two  phases  of  study 

The  study  was  conducted  in  two  phases 
First,  each  of  the  five  test  drivers  drove  both 
routes  in  one  continuous  cycle,  and  the  differ- 
ences between  the  two  routes  were  compared. 
For  these  runs  four  complete  cycles  were  ob- 
tained for  each  driver  during  the  offpeak 
traffic  hours. 

In  the  second  phase,  each  route  was  studied 
individually  during  five  workday  traffic 
periods.  The  runs  were  made  during  the 
morning  peak  hour  traffic,  morning  offpeak 
traffic,  afternoon  offpeak  traffic,  afternoon 
peak  hour  traffic,  and  nighttime  traffic.  Each 
of  the  five  drivers  drove  a  complete  cycle  of 
each  route  three  times  during  the  peak  hours 
and  twice  during  the  offpeak  hours.  The 
design  was  to  have  each  driver  observed  an 
equal  number  of  times  by  the  two  different 
observers. 

In  either  phase  of  the  study,  at  the  begin- 
ning of  the  run,  the  time  was  noted  and  the 
drivers  floated  with  the  traffic  from  one  end 
of  the  route  to  the  other.  The  observer  re- 
ported to  the  instrument  operator  any  changes 
meeting  the  criteria  of  traffic  interference  and 
what   events  caused  the  change.      At  the  end 


of  the  route  there  was  a  10-minute  rest  durin: 
which  time  the  basal  level  of  skin  resistafl 
was  again  determined.  Usually  there  was] 
slight  increase  of  level  from  the  beginning  t 
end  of  the  route,  especially  on  the  firsl  riu 
After  the  rest  period,  the  driver  proceeded  t 
complete  the  full  cycle. 

Data  recorded 

Observers  were  instructed  to  report  event 
to  the  instrument  operator  as  quickly  as  pos 
sible  in  order  to  minimize  errors  in  locatinj 
occurrences  in  time  on  the  gsr  record.  A 
sample  record  of  the  galvanic  skin  response:- 
figure  1,  shows  that  a  notation  was  generalli| 
placed  simultaneously  with  or  slightly  preced 
ing  the  response.  Whenever  an  observatm 
preceded  a  response  by  more  than  5  seconds 
the  two  were  considered  unrelated.  Similar 
an  observation  that  followed  a  response  b 
more  than  1  second  was  considered  unrelate< 
to  the  response.  Both  these  criteria  wer 
predicated  upon  the  assumption  that  the  la 
in  the  gsr  response  was  longer  than  for  th 
verbal  response.  In  practice,  uncertainty  c 
association  of  observation  and  response  oc- 
curred in  no  more  than  5  percent  of  th 
occurrences. 

As  may  be  seen  from  figure  1,  some  response 
were  not  associated  with  traffic  events,  sin- 
as  the  small  peak  prior  to  the  first  event  (even 
No.  7),  and  were  not  included  in  the  analysis 
The  gsr  is  sensitive  to  a  variety  of  events,  in 
ternal  as  well  as  external,  so  that  unidentifiabl 
responses  were  fairly  common.  Also,  a  gs 
flid  not  occur  every  time  there  was  a  traffr 
event,  as  exemplified  in  the  case  of  the  las 
event  (event  No.  3).  Nevertheless,  thes 
were  included  in  the  data  analysis.  It  wa 
found  that  approximately  15  percent  of  th 
traffic  events  observed  aroused  no  respons 
on  the  part  of  the  driver. 

Magnitude  of  GSR 

The  meaning  of  the  magnitude  of  the  gal 
vanic  skin  response  needs  some  explanation 
The   recorder   actually    measures   the    gsr  it 
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nits  of  log  conductance.  This  unit  is  em- 
iloyed  because  the  magnitude  of  change  in 
kin  resistance  is  more  nearly  linearly  related 
o  the  magnitude  of  the  inducing  stimulus 
k'hen  resistance  is  measured  in  log  conductance 
.5).  Thus,  the  successive  vertical  divisions 
|n  the  recorder  chart  represented  equal  incre- 
uents  of  gsr.  However,  the  absolute  values 
f  these  divisions  were  not  known,  for  these 
|epended  upon  the  setting  of  the  sensitivity 
'cale.  With  the  method  of  calibration  used, 
She  values  for  each  scale  division  were  essen- 
tially relative  to  the  base  level.  They  are,  as 
!  consequence,  unit  less,  and  may  be  termed 
reaction  units." 

'able  1. — Comparison  of  tension  responses 
•   recorded  in  the  continuous  test  run  over 
both  routes,  made  during  offpeak  traffic 
periods 


Table  2. —  Summary  of  analysis  of  variance  of  the  magnitude  of  GSK  per  minute 

for  the  test  routes 


Route 
No.  1 

Route 
No.  2 

Total  events 

Events  per  minute  -- 

Average  gsr  magnitude 

Magnitude     response     per 
minute 

445 
2.  42 
2.  28 

5,  52 

237 
1.71 
2.23 

3.81 

Test  Results 

The  data  were  tabulated  for  each  driver  for 
ach  run  and  each  route,  and  were  broken 
lown  by  the  observed  traffic  events  and  the 
nagnitude  of  response  associated  with  each 
vent.  In  addition,  the  travel  time  for  each 
rip  was  recorded.  It  was  possible  from  these 
lata  to  determine  the  average  magnitude  of 
esponse  for  each  event,  and  with  the  time 
neasures  to  determine  both  the  rate  at  which 
ven is  occurred  and  the  magnitude  of  re- 
sponses that  occurred  in  time. 

Analyzing  the  data  recorded  during  the  con- 
inuous  test  run  over  both  routes,  study  phase 
Vo.  1,  table  1  contains  the  frequency  of  occur- 
■nce  of  events  and  the  average  magnitude  of 
■espouse  for  each  event.  In  this  tabulation 
hi'  data  for  all  drivers  were  combined.  The 
lifference  in  the  total  number  of  events  in 
>art  reflects  the  difference  in  travel  time  for 
lie  two  routes.  In  order  to  better  equate  the 
•outes,  a  rate  figure  was  computed  and  is 
shown  in  the  table  as  the  events  per  minute. 
Here  it  may  be  seen  that  the  difference  be- 
ween  the  two  routes  are  reduced  somewhat. 
Nevertheless,  there  were  still  42  percent  more 
responses  per  unit  time  on  route  No.  1  than  on 
the  alternate  route.  On  route  No.  1  there  was 
s,  traffic  event  once  every  24.7  seconds  while 
Dn  route  No.  2  there  was  an  event  every  34.9 
econds.  Since  85  percent  of  the  events 
aroused  the  gsr,  there  was,  consequently,  a 
tension  inducing  event  every  29.2  seconds  on 
route  No.  1  and  41.4  seconds  on  the  alternate, 
It  is  quite  evident  from  these  data,  then,  that 

-  drivers  on  the  alternate  route  faced  consider- 
ably fewer  interferences  with  driving  than  on 
the  major  arterial  route. 

These  results  reflect  only  the  frequency  of 
occurrence  of  events  and  do  not  directly  relate 

-  to  the  magnitude  of  the  galvanic  skin  re- 
sponses. The  average  magnitude  of  response 
alone  was  inadequate  since  it  did  not  reflect 
the   differences    in    travel    time    for    the    two 
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Soiu  res  of  variance 

Sum  of 
squares 

Degrees  of 
freedom 

Mean 
square  S2 

Variance 

ratio  /•' 

Route 

19.57 

302.05 

22.  89 

16.95 

361.46 

1 

3 
3 
111 
17 

19.  57 

100.68 

7.113 

1.70 

1  11.51 

i  59.  22 
-  4.  48 

Residual  variance _   ... 

Total  variance 

1  Significant  at  the  .01  level. 


Significant  at  the  .115  level. 


routes.  One  simple  measure  is  the  total  mag- 
nitude of  response  that  occurs  per  unit  of 
driving  time.  This  measure  cumulates  all  the 
galvanic  skin  responses  independently  of 
events  and  equates  the  routes  on  the  basis  of 
time.  This  ratio  is,  therefore,  a  statistic  re- 
flecting the  behavioral  response  of  the  driver 
per  unit  time  and  under  the  assumptions  of 
this  study  was  considered  as  a  measure  of  in- 
duced tension.  From  table  1  it  may  be  seen 
that  route  No.  1  was  45  percent  more  tension 
inducing  than  the  alternate  route. 

In  order  to  test  for  differences  among  drivers 
as  well  as  to  determine  whether  there  was  a 
statistically  significant  difference  between  the 
two  routes,  the  statistical  technique  of  analy- 
sis of  variance  was  used.  A  summary  of  the 
analysis  is  shown  in  table  2.  Statistically, 
both  the  routes  and  the  drivers  differed  signifi- 
cantly :it  the  0.01  level.  It  would  seem  rea- 
sonable  to  conclude,  therefore,  that  the  alter- 
nate route  induced  significantly  less  tension  in 
drivers  than  did  the  major  arterial  route.  In 
addition,  the  combining  of  the  data  of  the 
different  drivers  appears  to  be  unwarranted. 
This  is  especially  relevant  to  the  gsr  data 
shown  in  table  1  where  average  magnitude  of 
the  gsr  appeared  the  same  for  the  two  routes. 
Actually,  the  average  magnitude  showed  con- 
siderable variation  among  the  drivers,  and  the 
differences  in  average  magnitude  of  each  driver 
between  the  routes  varied  over  a  range  of 
nearly  two-to-one.     Thus,  the  averages  shown 


are  quite  misleading  and,  consequently,  the 
combined  gsr  data  must  be  interpreted  with 
caution. 

Route  No.  1 

In  addition  to  the  study  of  the  continuous 
runs  made  over  the  two  routes,  each  route  was 
studied  independently.  On  the  major  arterial 
route,  tabulating  the  occurrence  of  the  traffic 
events,  there  was  a  total  of  7,800  traffic  events 
observed  during  the  2-week  period.  Data 
classified  by  the  eight  types  of  traffic  event  are 
presented  in  table  3.  The  most  frequently 
occurring  event  was  friction  with  instream 
moving  vehicles.  The  remainder  individually 
form  small  proportions  of  the  total.  In  the 
hist  column  of  the  table,  the  relative  rank  of 
each  type  of  traffic  event  is  shown  for  the 
average  magnitude  of  gsr  which  it  generated. 

To  test  the  reliability  of  the  average 
magnitude  of  response,  a  rank  test  was 
applied  using  the  data  for  each  driver  inde- 
pendently. In  other  words,  the  response 
generated  by  each  traffic  event,  for  each 
driver,  was  ranked  and  tested.  The  order 
shown  in  table  4  was  found  to  be  statistically 
reliable  at  better  than  the  0.01  level. 

Data  collected  during  the  different  traffic 
periods  were  also  analyzed  by  direction.  It 
was  found  that  there  was  considerable  varia- 
tion among  the  runs  made  during  peak  hours 
and  offpeak  hours.      Table  4  shows  the  average 


Table  3.— Frequency  of  occurrence  and  average  magnitude  of  responses  evoked  by  traffic 

events  on  route  No.  1 


No. 


Traffic  event 


Parking  maneuvers. 
Marginal  pedestrians 
Instream  vehicles  — 
Loading  platforms— 


Instream  pedestrians.-. 

Diverging  vehicles 

Merging  and  crossing  ve 
Traffic  signals 


All  evi 


Number 
of  events 


724 

330 

4,682 

(133 

372 
4(10 
285 
41(1 

7, 842 


Percent 
of  total 


9,  2 
4.2 
59.7 
8.0 

4.7 
5  1 
3.  II 
5.  3 


Average 
magnitude 


2.47 
1.51 
2.  49 

2.  20 

2.  7(1 
3.34 
3.15 
2.  94 

2.53 


Rank  by 

average 

magnitude 


Table  4.— Fffects  of  traffic  period  and  direction  on  the  average  magnitude  of  response  for 

route  No.  1 


No. 


Traffic  event 


Parking  maneuvers 
Marginal  pedestrians. 
Instream  vehicles 
Loading  platforms 


Northbound 


Offpeak       Peak       Difference 


2.  59 

1.  in 

2.  51 

2.  (19 

2.63 


Instream  pedestrians 

Diverging  vehicles  ^•'« 

Merging  and  crossing  vehicles  -■  •>' 

Traffic  signals J-  u 

All  events 2- ; 


2.  37 

1.57 
2.47 
1.45 

3.  32 
2  86 
3.  13 
3. 117 


-0.22 
+  .47 
-.04 
- .  (14 

+  .  (19 
-.  78 
+.16 
+.56 


Southbound 


Offpeak        Peak        Difference 


2.  25 

1 .  88 

2.  31. 
2.  27 

2.  29 
3.37 

2.50 
2.  25 

2.  36 


2.87 

1 .  98 
2. 114 
3.  15 

2.  SI  I 

3.  49 
3.  911 
2.  115 


+0.  (12 
+  .19 
+  .3S 
+.88 

+.51 

+  .12 

fl.  in 
+.40 

+.41 
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magnitude  of  response  and  the  changes  from 

off  peak  to  peak  period  that  occurred  in  each 
direction.  The  plus  sign  indicates  that  the 
response  increased  during  1  lie  peak  hours, 
whereas  t  he  minus  sign  shows  that  it  decreased. 
For  the  northbound  direction  there  was 
almost  no  difference  in  average  magnitude  of 
response  between  offpeak  and  peak  runs.  In 
general,  the  data  obtained  in  the  northbound 
direction  were  more  stable  than  the  data 
obtained  from  the  southbound  runs.  Conse- 
quently, the  differences  between  peak  and 
offpeak  periods  are  most  clearly  seen  for  the 
former.  The  greatest  increase  in  response 
during  the  peak  hours  appeared  to  be  in  the 
average  tension  induced  by  instream  pedes- 
trians (event  No.  5).  This  was  consistent 
with  the  increase  in  mass  transit  use  during 
the  peak  hours  and,  consequently,  the  high 
density  of  pedestrians  at  loading  platforms 
during  t  hose  hours.  Major  decreases  occurred 
in  the  turning  movements  out  of  the  traffic 
stream  (event  No.  6).  This,  in  part,  reflects 
a  reduction  in  the  allowable  turning  move- 
ments during  peak  hours. 

The  average  tension  response  for  all  events 
recorded  in  the  southbound  runs  increased 
appreciably  from  the  offpeak  to  the  peak 
period.  The  greatest  increase  occurred  in 
connection  with  merging  and  crossing  vehicles 
(event  No.  7).  Because  of  the  wide  vari- 
ability in  the  data.,  only  qualitative  interpreta- 
tions are  possible. 

The  analysis  of  test  runs  made  during  night 
traffic  (data  not  shown  here)  appeared  to 
follow  the  pattern  derived  from  the  analysis 
made  during  the  day  peak  hours.  The  most 
obvious  differences  were  in  the  northbound 
direction.  The  only  major  change  at  night 
appeared  to  be  the  large  increase  in  response 
to  marginal  pedestrians  (event  No.  2).  This 
was  perhaps  due  to  the  large  increase  in 
pedestrians  during  evening  shopping  hours 
and  also  the  restriction  in  marginal  visibility 
over  much  of  the  street . 

Analyzed  by  control  sections 

Route  No.  1  was  divided  for  analytical 
purposes  into  nine  control  sections  of  approxi- 
mately equal  length.  The  10  control  points 
(for  these  nine  sections)  were  marked  on  the 
recorder  tape  so  that  it  was  possible  to  relate 
the  events  lo  their  location  on  the  route 
Table  .".  -hows  the  average  magnitude  of  GSR 
tension  response  for  each  section  both  by 
direction  and  traffic  period,  in  addition, 
figures  2  and  3  show  the  mean  magnitude  of 


40 


4  5 

CONTROL    SECTION 

Figure  2. — Average  magnitude  of  tension  responses  for  each  control  section  while  traielii 

in  the  northbound  direction. 


tension  response  by  control  sections.  Gener- 
ally, there  was  considerable  variability  in  the 
data  within  a  section,  while  the  differences 
between  sections  were,  on  the  average,  not  too 
great.  There  was  no  significant  order  of 
tension  responses  found  among  the  sections 
for  the  five  test  drivers.  Thus,  there  was  no 
indication  that  there  were  fixed  features  in 
any  of  the  sections  which  consistently  influ- 
enced driving  behavior. 

As  may  be  seen  from  figure  2,  the  differences 
between  peak  and  offpeak  were  quite  small  for 
all  control  sections  except  in  section  3.  Dur- 
ing the  offpeak  hours  this  section  gave  the 
maximum  average  tension  response,  whereas 
during  the  peak  hours  it  yielded  the  lowest 
average  tension  response.  In  order  to  test 
for  the  significance  of  this  difference,  a  /  test 
was  made  of  each  driver's  tension  responses 
in  peak  and  offpeak  traffic  (a  t  test  of  matched 
pairs).  Since  it  was  found  that  the  decrease 
from  offpeak  to  peak  was  significant  at  better 
than  the  0.05  level,  a  real  change  in  traffic 
characteristics  apparently  occurred  in  control 
section  3.  This  was  an  area  of  intense  com- 
mercial development  and  also  an  area  where 
the  street  was  relatively  narrow.  During  the 
offpeak  hours  there  was  a  high  degree  of 
marginal  activity  related  to  the  commercial 
development.  Also,  reduced  maneuverability 
due  to  the  narrowness  of  the  street  posed  a 
severe  restriction  on   the  driver's  freedom  to 

4, 

make  lateral  avoidance  movements.      During 


Table  5.— Average  magnitude  of  responses  in  the  control  sections  of  route  No.  1,  by  direction 

and  traffic  period 


('initio]  section 

Xoi  t  hbound 

Southbound 

Difference     between 
northbound    and 
southbound 

Offpeak 

Peak 

Difference 

Offpeak 

Peak 

Difference 

Offpeak 

Peak 

1. 

3.04 
2.  50 
A.  58 
2.  50 
2  56 

'_'  7S 
2  28 
■  23 

3.18 
2.58 
1.95 
3.  is 

2.  57 
2  00 
2.25 
2.  20 

-0.  14 

-.08 

+1.63 

-.68 

+.01 

-.52 
-.  12 
+.03 
+  .03 

2  34 

2.  3fi 
2.47 

2.  IS 
2.  37 

2.71 

2.82 
2.  00 
2  48 

2.34 
2.99 
2.86 

2.  7s 

3.  15 

2  89 
3.07 
2  76 
3.C6 

0.  00 
-.63 
-.39 
-.00 
-.78 

-.  is 
-.25 
-.  10 
-.58 

+0.70 
+  .14 

+  1.11 
+.32 
+.19 

-.06 
-.04 
-.38 

-.25 

+0.84 
-.41 

-1.91 
+.40 
-.00 

-.32 

-.  17 
-.51 
-.86 

L' 

3 

4 

5... 
6 

7. 

8 

!) 

56 


peak  hours,  however,  the  extensive  margin 
friction  was  eliminated.  Parking  regulation 
high  traffic  volume,  and  signal  progressk 
helped  to  minimize  turbulence  in  the  trafl 
flow. 

In  the  southbound  direction  there  were  i 
clear-cut  differences  between  either  trafl 
period  or  control  section,  as  may  be  seen  fro' 
figure  3.  In  control  section  7  there  did  appe; 
to  be  a  maximum  average  tension  responi 
during  the  offpeak  hours.  This  section  w; 
located  in  a  highly  developed  commercial  an 
and  there  was  considerable  marginal  aetivit.l 
complicated  by  turning  movements  into  ai  | 
from  radials  at  a  traffic  circle.  The  pes 
hours,  aside  from  showing  a  general  rise 
tension  responses,  did  not  indicate  any  maitl 
differences  among  the  control  sections. 

Frequency  of  tension  responses 

The  final  analysis  of  the  route  No.  1  dm 
involved  the  determination  of  a  relative  frl 
quency  of  traffic  events  and  the  total  gsr  pi 
minute.  The  pertinent  data  are  shown  ! 
table  6.  These  data,  which  included  all  tit 
runs  for  each  of  the  drivers,  indicated  the 
there  were  fewer  events  per  minute  in  nortil 
bound  traffic  than  in  southbound  traffic,  ll 
northbound  traffic,  the  driver  encountered  A 
event  every  25.0  seconds,  while  traveling  \ 
the  southbound  direction  the  driver  e:| 
countered  a  traffic  event  every  21.3  secondf 
Tension  inducing  events  were  encountertl! 
every  29.4  seconds  northbound  and  25 
seconds  southbound.  In  terms  of  the  measuj 
of  induced  tension,  the  magnitude  of  GSR  pi 
unit  time,  the  differences  between  the  tvl 
directions  were  on  the  whole  quite  small  ai 
there  appeared  little  evidence  to  indicate  si 
nificant  differences  in  the  two  directions.  Tl! 
drivers  also  reported  that  they  found  l 
differences  between  directions. 

Route  No.  2 

In  the  study  of  the  alternate  route  (rou 
No.  2),  a  different  group  of  driver-subjec! 
were  employed,  as  well  as  one  new  observe 
This  route  had  great  variation  in  grade  ail 
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Figure  3.— Average  magnitude  of  tension  responses  for  each  control  section  while  traveling 

in  the  southbound  direction. 


ividth  over  the  4^-mile  length.  Unlike  route 
No.  1,  there  were  no  streetcar*  but  bus  service 
svas  in  operation  in  sections  of  the  route.  Also 
in  direct  contrast  to  route  Xo.  1,  there  were  no 
commercial  areas.  The  route  was  almost 
jwholly  through  a  residential  area,  consisting 
for  the  most  part  of  single-unit  dwellings. 
Again  in  contrast  to  route  Xo.  1,  where  com- 
mercial vehicles  made  up  a  considerable  por- 
tion of  the  traffic,  almost  all  the  motor  vehicles 
traveling  route  No.  2  were  passenger  cars. 
The  study  method  followed  for  route  No.  2 

Jjwas  the  same  as  that  used  on  route  Xo.  1. 
One  change  was  made  in  the  list  of  traffic 
events — the  elimination  of  transit  loading 
platforms  and  the  insertion  of  opposing  ve- 
hicles (event  XTo.  4).  This  event  was  added 
(because  the  route  was  two  or  three  lanes  over 
much  of  its  length.     Consequently,  there  were 

|  piany  possibilities  for  the  opposing  traffic 
stream  to  come  into  conflict  with  the  test 
Ivehicle. 

The  number  of  traffic  events  and  the  fre- 
quency of  occurrence  is  given  in  table  7. 
More  than  1,300  traffic  event-  were  observed 
during  the  study  period,  and  as  occurred  on 
route  Xo.  1,  the  most  frequently  occurring 
event  was  that  induced  by  other  vehicles  in 
the  traffic  stream  (event  Xo.  3).  The  re- 
mainder of  events  individually  accounted  for 
only  small  proportions  of  the  total.  Moving 
vehicles  constituted  a  6-percent  greater  part 

.  of  the  total  on  the  alternate  route  than  on  the 
major  arterial  route.  Making  the  arbitrary 
assumption  of  homogeneity,  a  t  test  of  the 
differences  between  the  two  proportions  was 
made.  A  t  of  4.21  was  obtained  which  was 
significant  at  the  0.01  level.  This  would 
appear  to  indicate  that  the  tension  inducing 
characteristics  of  the  alternate  route  seemed 
to  include  a  lesser  proportion  of  peripheral 
events  than  that  found  on  route  Xo.  1.  Thus, 
most  traffic  conflicts  on  the  alternate  route 

i  appeared    to    be    somewhat    more    directly 
related  to  instream  traffic  activity. 

The  ranking  of  the  events  according  to  the 


til 


shows  that  the  most  tension-inducing  traffic 
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event  was  crossing  and  merging  traffic  (event 
Xo.  7).  Opposing  vehicles  (event  Xo.  4)  was 
second  highest  in  average  magnitude  of  re- 
sponse. In  general,  the  order  of  intensity  of 
tension  induction  for  each  of  the  events  was 
similar  to  that-  found  on  route  Xo.  1. 

The  data  are  shown  for  the  different  traffic 
periods  in  table  8.  The  morning  offpeak 
runs  are  not  included  in  this  tabulation  as  they 
were  made  in  conjunction  with  the  continuous 
tesl  runs  made  on  both  routes.  The  overall 
frequency  of  occurrence  of  traffic  events  was 
1.79  per  minute,  or  approximately  one  every 
33  seconds,  with  a  minimum  during  the  morn- 
ing  peak  traffic  hours  of  1.45  events  per 
minute,  or  one  every  41  seconds.  The  fre- 
quency maximum  was  during  the  afternoon 
offpeak  traffic  hours  when  there  were  2.65 
events  per  minute,  or  one  every  23  seconds. 
The   maximum    tension   response   per   minute 


occurred  during  the  afternoon  offpeak  hours 
and  was  twice  as  great  as  the  response  per 
minute  for  either  of  th<"  peak  hour  traffic 
periods.  Tension  responses  per  minute  for 
the  night  runs  fell  intermediate  between  the 
peak  ami  offpeak  traffic  periods.  It  should  be 
pointed  out,  however,  that  these  differences 
were  obtained  by  pooling  data  from  drivers 
who  were  dissimilar  in  their  tension  responses. 
They  should,  consequently,  be  interpreted 
carefully. 

Discussion  of  the  Findings 

As  was  pointed  out  earlier,  the  purpose  of 
the  study  was  to  explore  the  possibility  of 
using  the  galvanic  skin  response  as  a  mean 
for  distinguishing  features  of  traffic  and  street  - 
The  first  goal  was  to  detect  differences  be- 
tween two  arterial  routes  serving  approximately 
the  same  traffic  function.  The  results  indi- 
cated that  the  gsr  reliably  discriminated  be- 
tween the  two  arterial  routes,  but  the  distinc- 
tions among  different  characteristics  within 
each  route  were  not  as  clear  cut.  However, 
the  results  do  indicate  the  complexity  of  de- 
cisions faced  by  drivers  on  an  urban  street. 
The  variety  of  conflicts  occurring  on  the  street 
were  sufficiently  frequent  and  involved  to 
place  drivers  under  a.  fairly  consistent  fre- 
quency of  st  ress. 

One  finding  of  particular  interesl  was,  in 
terms  of  the  average  magnitude  of  gsr,  the 
significant  order  of  tin-  different  traffic  events. 
The  events  which  induced  the  highest  average 
tension  on  both  routes  were  the  conflicts 
occurring  with  vehicles  entering  or  leaving  the 
traffic  stream  and,  on  the  alternate  route,  the 
opposing  vehicles.  These  were  events  in 
which  the  rate  of  change  of  location  of  lie 
conflicting  vehicles  was  at  a  maximum. 
These  were  situations  where  the  driver  was 
required  to  solve  a  set  of  differential  equations 
in  order  to  predict  a  course  of  action.  With 
the  human's  limited  accuracy  in  speed  esti- 


Tal>!e  6. — Traffic  events  and  magnitude  of  tension  responses  in  time  on  route  Xo.  1 


Driver 

Events  per  minute 

Magnitude  of  response  per 
minute 

Ratio: 
northbound 
southbound 

Northbound 

Southbound 

Difference 

Northbound 

Southbound 

A                                --    ---   

2.4 

2.1 
2.7 
2.6 
2.3 

2.4 

2.9 
2.5 
3.1 
2.7 
2.7 

2.8 

+0.5 
+.4 
+.4 
+.1 

+  .4 

+  .4 

7.  ;i(i 
6  "''i 
(i.  91 
4.  11 
C.90 

6.29 

7.60 
8.30 

6.  60 
3.81 
9.40 

7.  23 

0.96 

79 

1   1 15 

1.08 

.73 

.87 

B                                       

C                   

D                       

E                        

Table  7. — Frequency  of  occurrence  and  average  magnitude  of  responses  evoked  by   traffic 

events  on  route  No.  2 


No 


Traffic  event 


Parking  maneuvers.-. 
Marginal  pedestrians. 

Instream  vehicles 

Opposing  vehicles 


Instream  pedestrians 

Diverging  vehicles 

Crossing  and  merging  vehicles. 
Traffic  signals 


All  events 


Number 

of  events 


863 

50 

17 
70 
93 
142 

1,314 


Percent  of  all  evonls 


Route 

No.  2 


5.3 

0  ii 

65  6 

3  s 

1.7 
5.3 
7.0 
10.8 

100.1 


Route 
No.  1  ' 


9.2 
4.2 

.V.l.  7 
2  8.0 

4.7 
5.1 
3.6 
5.3 

99.8 


Average 

magnitude 


1.30 
1.56 
1.77 
2.14 

1.71 
1.79 
2.58 
1.97 

1.84 


Rank  by 


i  Data  from  table  3. 


Event  No.  4  on  route  No.  1  was  transit  loading  platforms. 
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mation  and  angular  closing  rate,  and  the 
limited  time  for  such  decision,  these  situations 
had  a  high  degree  of  unpredictability  for  the 
driver  and  may  reasonably  be  mosf  threatening. 

The  two  events  which  ranked  next  in  order 
were  the  traffic  signals  and  instream  pedes- 
trians. Both  may  be  considered  as  "instream 
uncertainty."  In  the  study,  the  driver  was 
influenced  by  traffic  signals  only  when  there 
were  no  other  vehicles  interposed  between 
him  and  the  signal.  There  was,  then,  a  fairly 
high  probability  that  the  driver  arrived  at  a 
signal  at  the  moment  when  it  had  just  changed 
or  was  in  the  process  of  changing.  This  would 
appear  to  he  a  particularly  indeterminate 
situation  for  the  driver.  The  effect  of  in- 
stream pedestrians  was  quite  similar.  The 
driver  had  no  way  to  predict  the  action  of  a 
pedestrian.  Any  conflict  would  arise  strictly 
by  action  of  the  pedestrian.  Both  events 
probably  represent  a  straight  risk-type  deci- 
sion operation,  and  the  observed  magnitude 
of  tension  response  may  well  reflect  the  degree 
of  uncertainty  in  each  situation. 

A  third  pair  of  traffic  events  which  appear 
to  go  together  are  the  instream  vehicle  and 
parking  maneuver  events.  These  both  may  be 
considered  "instream  interferences."  In  the 
instream  vehicle  event,  the  vehicles  were  mov- 
ing  in  tin  same  direction  and  the  relative 
differences  in  velocity  between  the  test  vehicle 
and  Other  vehicles  in  the  stream  was  relatively 
small.  Consequently  there  was  adequate  time 
for  compensation  for  any  changes  in  the 
characteristics  of  the  ongoing  traffic  stream. 
Parking  maneuvers  were  generally  found  to  be 
quite  conspicuous  so  that  the  lest  driver  was 
able  to  adapt  his  speed  or  direction  with 
relative  ease.  Both  events  appeared  to  be 
relatively  predictable  actions  for  which  the 
driver  could  adequately  compensate,  and  for 
which  there  was  adequate  time  for  decision 
making. 

The  last  two  traffic  events,  marginal  pedes- 
trians and  the  streetcar  loading  platforms, 
may  be  termed  "fixed  objects."  For  all  cases 
observed,  conflict  between  pedestrian  and 
vehicle  occurred  when  the  pedestrian  was 
standing  or  just  beginning  to  move  into  the 
-Heel.  At  I  his  point  it  seems  reasonable  to 
consider  this  as  a  fixed-obstacle  situation.  In 
general,  it  appeared  in  both  of  these  types  of 
events  that  the  driver  had  more  or  less  com- 
plete control  over  his  actions.  Thus,  these 
events  may  be  conceived  as  simply  choice 
points,  and  the  responses  were  a,  reflection  of 
tension  stress  due  to  a.  choice  made  by  the 
driver. 

Predictability  and  response 

One  general  implication  from  1  he  results 
of  thi'  study  is  consistent  with  current  knowl- 
edge of  the  gsk.  It  is  that  the  more  highly 
unpredictable  the  situation,  the  more  dynam- 
ically the  subject  responds.  The  unique 
thing  in  the  study  was  the  fact  that  there 
appeared  to  be  a  very  high  level  of  unpredic- 
tability in  driving  on  urban  streets.  The 
data  indicated  that  about  three  times  a  minute 
an  event  occurred  which  forced  the  driver 
to  take  some  compensatory  action.  Further- 
more, as  the  traffic  situation  created  a  more 
complex  demand  upon  the  driver,  the  tension 


Table  S. —  Frequency  of  occurrence  and  average  magnitude  of  response  on  route  No.  2 

time  period 


'l  raffic  period 


Morning  peak-. 
Afternoon  peak 
Afternoon  offpeak 
Night 

All  traffic.... 


Number  of 
events 


292 
363 
122 
346 

1.123 


Average 
magnitude 

of  response 


1.68 
1.  41 

1  98 

2  2] 

1.79 


Events 
per  minute 


1.45 
1.86 
2.65 
1.89 

1.79 


Magnitude  oil 

response  per 

minute 


2.  44 
2.62 
5.25 
4.18 

3.20 


aroused  by  that  situation  became  even 
greater. 

These  results  indicate  that  the  driving 
environment  generates  a  tension  response  in 
inverse  relationship  to  Hie  predictability  of 
the  conflicts.  The  ranking  order  of  the 
traffic  events  significantly  demonstrates  the 
situations  which  are  hardest  for  the  driver  to 
predict  and  thus  to  compensate  for.  Also, 
the  complexity  of  the  driving  environment 
may  be  added  to  the  element  of  predictability. 
In  the  only  control  section  where  there  was  a 
significant  difference  between  traffic  time 
periods,  the  decrease  in  average  <;sr  came 
when  the  complexity  of  the  traffic  situation 
was  reduced. 

In  addition,  the  differences  between  the 
two  arterial  routes,  in  terms  of  their  percentage 
of  marginal  interferences,  also  indicated  a 
difference  in  complexity  between  the  two 
routes.  On  route  No.  1  over  40  percent  of  all 
observed  events  arose  from  interferences 
occurring  along  the  margins  of  the  street.  In 
such  a  traffic  situation  the  driver  is  forced  to 
attend  to  a  wide  range  of  stimuli.  He  must 
sort,  select,  and  then  operate  on  this  heavy 
load  of  information.  His  ability  to  select  and 
predict  is  inherently  restricted;  one  conse- 
quence of  which  is  an  increased  level  of  stress 
and  a  greater-  tension  response  to  events. 

Delegation  of  control  to  other  drivers 

Finally,  analyses  of  the  findings  indicated 
a  high  rate  of  decision  making  for  drivers  on 
an  urban  street.  Where  the  driver  was 
forced  to  respond  to  a  fixed  object  the  average 
osR  was  relatively  low.  This  was  a  situation 
where  the  driver'  usually  made  the  decision  on 
his  own  terms  in  his  own  time.  In  the 
situation  of  vehicles  entering  or  leaving  the 
traffic  stream,  the  driver  was  forced  to  make 
decisions  both  very  rapidly  and  with  a  mini- 
mum amount  of  information,  much  of  which 
he  could  not  handle  accurately* or  efficiently. 
Under  these  circumstances  the  driver  was 
dependent  upon  other  drivers  to  respond 
consistently.  In  complex  traffic,  then,  the 
individual  driver  was  often  forced  to  give  up 
a  certain  amount  of  control  to  other  drivers 
in  the  traffic  stream. 

As  to  how  this  delegation  of  control  would 
affect  traffic  operations  and  capacity,  it- 
appears  reasonable  to  believe  that  a  driver 
will  compensate  for  this  loss  of  control  by 
any  means  at  his  disposal  that  will  reduce 
his  uncertainty.  He  can,  for  example,  in- 
crease the  headway  between  himself  and  the 
vehicle  ahead,  or  by  reducing  his  speed.  Such 
compensations,  however,  have  a  tendency  to 
reduce  the  capacity  of  the  street,  and  cause 
turbulence  in  the  flow  of  traffic. 


Reliability  of  the  GSR 

The  results  of  the  study  indicated  thai  t 
gsr  was  an  adequate  measure  of  driver  b 
havior.  There  were,  however,  questions  rein 
ing  to  the  gsr  which  have  not  been  discussi 
in  this  article.  One  thing  that  needs  to  be  e 
amined  far  mure  intensively  is  the  reliabili 
of  the  galvanic  skin  response  (6).  It  is  w< 
known,  for  example,  that  there  is  a  rath 
consistent  adaptation  of  the  gsr  so  that  tl 
same  stimulus  intensity  may  not  arouse  tl 
same  magnitude  of  gsr  on  repetition  (7).  Tl: 
was  in  part  compensated  by  the  calibrate 
procedure  used  in  the  study,  and  the  fact  th 
no  traffic  event  occurred  twice  in  precisely  tl 
same  way.  Nevertheless,  the  changes  whi< 
occurred  during  a  test  run  were  not  examint 
in  detail. 

Some  very  simple  assumptions  have  be< 
made  about  the  relation  of  the  tension  r 
spouses  to  the  traffic  situations.  The  proble 
is  essentially  one  of  determining  what  tl 
responses  mean  in  a  traffic  situation.  It  is  ; 
oversimplification  to  assume,  as  was  done 
this  study,  that  the  gsr  is  aroused  only  t 
the  occurrence  of  a  traffic  event.  The  gsr| 
sensitive  to  a  wide  variety  of  behavior! 
responses  (8)  whose  relationships  may  be  on 
indirectly  related  to  the  traffic  event.  The! 
is  little  doubt,  for  example,  that  the  gsr  a 
companies  preparatory  muscular  activity 
muscular  response  itself  {9). 

Statistical  significance  of  a 
tension  response 

Another  problem  is  the  statistical  nature 
the   galvanic   skin   reflex.      In   the  study  tl 
magnitude  of  response  was  a  positively  skewe 
distribution.     The  range  of  conductance  wi 
from  zero  to  some  maximum  value.    Such  di 
tributions    pose    some    difficult    problems 
statistical  analysis.     Thus,  in  this  study,  tl 
use    of   the    arithmetic    mean    and    the    usi 
statistical  tests  of  inference  are  in  question! 

There  are  also  certain  methodological  prol 
lems  of  specifying  and  interpreting  the  trafi 
events.  For  the  purposes  of  this  study  em 
traffic  event  was  treated  as  discrete  or  isolate 
It  is  obvious,  however,  that  conflicts  in  trafi 
are  not  discrete  but  develop  continuously 
time.  Thus,  the  schedule  of  observation  art 
trarily  collapsed  a  complex  and  continuffl 
behavioral  response  to  a  single  point  in  tim 
There  is  no  way  of  knowing  from  the  presei 
study  whether  an  observed  galvanic  skin  r 
spouse  occurred  at  the  approach  to  a  conflic 
during  the  conflict  itself,  or  at  the  point 
time  when  a  decision  was  made.  It  is  coi 
ceivable  that  any  or  all  of  these  process' 
could  evoke  a  response. 

{Continued  <>»  i>a<je  71) 
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RAFFIC  at  night  has  always  had  accident 
rates  averaging  about  twice  that  of  day- 
;  ime  rates,  and  the  rapid,  continuing  growth 
I   )f  travel  has  increased  both  the  awareness  of 
i!   he  magnitude  of  this  problem  and  the  efforts 
o  develop  remedial  measures.      Night  driving 
nvolves  not   only  the  problems  of  darkness, 
i   nit  hazards  of  fatigue,  drowsiness,  and  other 
actors.     The    ultimate   solution   in    avoiding 
larkness,   of  course,   would  be   to  illuminate 
.  the  roadways  to  the  same  intensity  as  exists 
luring  daylight,  but  this  is  obviously  imprac- 
tical.    It  remains  to  be  determined,  therefore, 
vhat    level     of     illumination     would     induce 
Irivers  to  operate  their  vehicles  at  night  in  the 
tame  manner  as  they  do  during  daytime. 
While   it   has   been   an   accepted   fact    that 
.    >ood  visibility  is  a  prerequisite  to  good  traffic 
i  jperations,    there    have    been    no   accredited 
.variants     set     forth     for     highway     lighting. 
similarly,  there  has  been  no   correlation   be- 
tween the  effects  on  traffic  operations  of  de- 
lineation (reflector  buttons'!  and  illumination. 

Scope  of  Study 

The  importance  of  highway  lighting  was 
emphasized  at  the  1958  annual  meeting  of  the 
Highway  Research  Board  and  again  at  the 
1959  annual  meeting  of  the  American  Associ- 
ation of  State  Highway  Officials.  Because 
very  little  was  known  on  the  effectiveness  of 
highway  lighting  on  freeways,"  with  respect  to 
driver  behavior,  accidents,  and  night  usage  of 
.  the  highway,  the  Connecticut  State  Highway 
Department  in  cooperation  with  the  Bureau  of 
.Public  Roads  undertook  a  comprehensive 
study  in  this  field  in  1959.  Continuous  mod- 
ern highway  lighting  on  a  53-mile  section  of 
the  129-mile  Connecticut  Turnpike  afforded  a 
•jjgood  opportunity  to  investigate  the  effects  of 
illumination  and  delineation  on  traffic  opera- 
tions. 

The  purpose  of  the  study  was  to  evaluate 

ithe  effectiveness  of  roadside  delineation,  pave- 

JJment  markings,  and  a  combination  of  delinea- 

•Mtions  and  markings  under  conditions  of  full, 

•J partial,  and  no  highway  lighting.     The  effects 

t|to  be  ascertained  would  be  those  manifested  in 

accidents,  and  in  drivers'  actions  such  as  speed, 

..  i  lateral    placement,    headway    distance,    lane 

usage,    and    utilization    of    acceleration    and 

deceleration  lanes.      A  total  of  183,000  motor 
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Branch,  Division  of  Traffic  Operations, 

Bureau  of  Public  Roads,  and 

BURTON  M.  RUDY,  Senior  Highway  Engineer, 

Connecticut  State  Highway  Department 

The  increasing  mileage  of  freeways  being  put  into  operation  has  stimulated 
much  discussion  of  highway  illumination  and  its  possible  value  in  reducing  the 
tension  and  strain  of  night  driving  and  in  reducing  traffic  accidents,  and  per- 
haps  thereby  increasing  the  night  usage  of  these  highways.  Because  of  lack 
of  factual  knowledge  on  the  subject,  the  Connecticut  State  Highway  Depart- 
ment in  cooperation  with  the  Bureau  of  Public  Roads  undertook  a  stuily  of 
the  effects  of  illumination  and  delineation  on  the  Connecticut  Turnpike. 
Driver  behavior  data  ivere  recorded  under  nine  different  conditions  of  highway 
illumination  and  delineation  at  a  heavily  traveled  interchange  illuminated 
with  mercury  lamps.  Accident  data  were  obtained  on  the  5.3-mile  continously 
illuminated  section  and  the  77-mile  nonilluminaled  section   of  the  Turnpike. 

The  study  showed  no  significant  differences  with  respect  to  average  vehicle 
speeds,  lateral  placements,  and  clearances  between  vehicles,  under  the  various 
conditions  of  illumination  and  delineation.  The  manner  of  night  usage  of 
speed  change  lanes,  particularly  the  acceleration  lane,  improved  with  increased 
illumination.  In  general,  it  appeared  that  some  benefit  resulted  from  full- 
level  illumination  in  the  deceleration  area,  and  that  even  greater  benefit  oc- 
curred when  illumination  was  combined  with  roadside  delineation.  Illumina- 
tion of  the  interchange  area  only  did  not  appear  to  be  advantageous  insofar  as 
the  access  ramp  site  was  concerned.  The  importance  of  delineation,  with  or 
without  illumination  was  demonstrated. 


vehicles    were    observed    under    the    following 
nine  principal  lighting  conditions: 
No  illumination: 

1.  Lane  lines  only. 

2.  Lane  lines  and  edge  lines. 

3.  Lane  lines,  edge  lines,  and  roadside  de- 
lineators. 

Partial  illumination: 

4.  Lane  lines,  edge  lines,  and  one-half  nor- 
mal illumination. 

5.  Lane  lines,  edge  lines,  delineators,  and 
one-half  normal  illumination. 

6.  Lane  lines,  edge  lines,  delineators,  and 
one-half  normal  illumination  in  interchange 
area  only. 

Full  illumination: 

7.  Lane  lines,  edge  lines,  delineators,  and 
normal  illumination  in  interchange  area  only. 

8.  Lane  lines,  edge  linos,  and  normal  illu- 
mination. 

9.  Lane  lines,  edge  lines,  delineators,  and 
normal  illumination. 

The  white  reflcctorized  lane  lines  were 
dashed,  with  both  dashes  and  spaces  being  25 
feet  in  length.  All  edge  lines  were  rofleetor- 
ized;  solid  white  to  the  left  of  the  traffic 
stream  and  solid  yellow  to  the  right.  The 
lane  and  edge  lines  were  6  inches  in  width  on 
the  Turnpike  proper,  and  4  inches  in  width 
on  the  access  and  exit  ramps. 


Highway  lighting  consisted  of  mercury  lu- 
minaires  throughout.  Delineation  consisted 
of  acrylic  plastic  reflex  reflectors,  3  inches  in 
diameter,  mounted  at  a  height  of  I1.'  feet 
above  the  pavement.  The  reflectors  were 
spaced  at  200-foot  intervals  on  the  Turnpike 
and  at  reduced  intervals  on  the  access  and  exit 
ramps.  They  were  placed  about  12  feet  from 
the  pavement  edge  on  the  shoulder  and  about 
5  feet  from  the  pavement  on  the  median  strip. 
Installations  on  the  Turnpike  consisted  of 
single  white  reflectors  on  both  sides  of  the 
roadways,  whereas  dual  amber  reflectors  were 
used  on  both  sides  of  the  ramps. 

Locations  Studied 

Although  originally  planned  procedures 
included  a  number  of  study  sites,  preliminary 
work  indicated  the  necessity  for  simplification 
of  the  study  program  if  it  was  to  be  com- 
pleted within  a  reasonable  time  period.      Two 

C parable    sites    were    selected    for    detailed 

study,  located  at  a  Turnpike  interchange  with 
large  volumes  of  traffic.  Site  IM  was  located 
on  the  access  ramp  and  site  .r>\l  on  the  exit 
ram]).  From  all  the  sites  originally  selected 
for  study,  it  was  presumed  thai  site  4M  and 


i  This  article  was  presented  at  the  39th  Annual  Meeting 
of  tlic  Highway  Research  Board,  Washington,  D.C.,  Jan 
trnv  i960. 
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LIMIT      OF     INTERCHANGE 
AREA 


Figure  1. — Plan  of  general  study  area. 


5M  would  reveal  the  most  significant  effects 
evidenced  by  the  nine  variable  conditions  of 
illumination  and  delineation. 

From  the  New  York  State  line  to  8  miles 
east  of  Ww  Haven,  a  distance  of  53  miles, 
the  Connecticut  Turnpike  was  illuminated  to 
a  level  of  0.8  foot-candle  on  the  roadway  and 
access  ramps.  The  exit  ramps  were  illu- 
minated at  a  somewhat  lower  level.  The 
roadway   consisted  of  three    12-foot   concrete 


lanes  on  either  side  of  a  median  that   varied 
in  width  from  4  feet  to  30  feet . 

At  the  study  location,  the  West  Broad 
Street  interchange  in  the  town  of  Stratford, 
15  miles  southwest  of  New  Haven,  the  six 
lanes  were  abutted  by  2-foot-wide  bituminous 
gutter  strips  and  10-foot-wide  bituminous 
shoulders.  The  depressed  grass  median  was 
30  feet  in  width  and  the  access  ramp  and 
exit    ramp     roadways     were     13    feet    wide. 


Average  daily  traffic  volumes  on  the  Turn- 
pike just  west  of  the  study  interchange  wen 
17,000  vehicles  in  each  direction.  At  thei 
interchange,  almost  7,000  vehicles  left  tin 
Turnpike  and  over  7,000  vehicles  entered 
daily. 

The    general    area    of    the    interchange,    irjj 
which  the  nine  lighting  conditions  were  estab- 
lished  for   the   study,    is   shown    in    figure    1 
Also  shown  are  the  limits  of  illumination  and 
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Figure  2. — Plan  of  specific  study  locations. 
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Figure  3. — Access  ramp  site  4M. 


Figure  4. — Exit  ramp  site  5M. 


I 


delineation  changes  for  the  eastbound  and 
westbound  traffic,  and  the  limits  of  the  inter- 
change area.  Lights  were  controlled  within 
these  limits. 

Specific  observations  were  made  at  both 
the  westbound  access  ramp,  site  4M,  and  the 
eastbound  exit  ramp,  site  5M.  Figure  2 
.shows  the  roadway,  illumination,  delineation, 
and  locations  of  the  recording  and  detecting 
equipment  in  the  vicinity  of  the  study  sites. 
Figure  3  shows  the  access  ramp  site  (4M) 
looking  easterly  along  the  westbound  lanes. 
Figure  4  shows  the  exit  ramp  site  (5M) 
looking  westerly  along  on  the  eastbound  lanes. 

Partial  illumination  (for  lighting  conditions 
4,  5,  and  6)  was  attained  by  changing  lamps 
and  ballasts  as  well  as  by  using  specially  con- 
st ructed  lamps  with  the  existing  ballasts. 
The  actual  levels  of  illumination  achieved 
were  determined  by  the  standard  practice 
for  measurement  as  recommended  by  the 
Illuminating  Engineering  Society.  The  act  ua  1 
values  were  measured  ;it  intervals  of  10  feet 
by  the  light  meter  for  the  study  area.  For 
illustrative  purposes,  however,  only  typical 
average     foot-candles     of     illumination     are 
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shown  in  figure  5  for  normal  illumination 
and  in  figure  6  for  partial  illumination. 
Generally,  the  illumination  ratio  of  the  aver- 
age to  the  minimum  was  4  or  6  to  1.  The 
different  appearances  of  the  highway  under 
the  2  levels  of  illumination  were  readily 
discernable  visually  as  shown  in  figure  7. 

Field  Observations 

The  mobile  traffic  analyzer  designed  and 
constructed  by  the  Bureau  of  Public  Roads 
was  used  in  the  study  to  record  the  traffic  data. 
Constructed  from  a  revamped  delivery  truck, 
the  traffic  analyzer  vehicle  housed  four  sole- 
noid-operated adding  machines,  a  digital  clock, 
telegraph  keys,  and  other  supporting  equip- 
ment, shown  in  figure  8.  All  of  the  equipment 
was  electronically  interconnected. 

The  recording  units  in  the  vehicle  were  con- 
nected by  multiconductor  cables  to  four  sets  of 
road-detector  tubes  placed  across  the  roadway 
at  four  specific  locations,  shown  in  figure  2. 
One  set  of  detector  tubes  was  placed  across  the 
curb  lane  and  access  ramp  lane  near  the  begin- 
ning (location  No.  1 )  and  a,  second  set  near  t  he 
end  (location  No.  2)  of  the  acceleration  lane 
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Figure  5. — Measured  illumination  values  under  normal  illumination. 
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(site  I  Mi :  the  third  set  of  detector  tubes  was 
placed  across   the  curb  and  middle  lanes   near 
the  beginning  of  the  deceleration  lane  (location 
Xo.  3);  and  the  fourth  set  was  placed  across  the 
curb  lane  and  exit   ramp  lane  (location   No.    I 
near  (he  gore  area   (site  5M).      As  the   motor 
vehicles  on  the  Turnpike  passed  over  the  de 
lector  tubes,  electronic  impulses  were  trans 
milted  to  the  traffic  analyzer  and  recorded. 

The  data  electronically  recorded  included 
tiie  speed  of  the  motor  vehicle,  lateral  place 
ment  (from  which  lateral  clearances  between 
vehicles  were  calculated),  and  time  of  daj  to 
the  nearest  one  ten-thousandth  of  an  houi 
(from  which  traffic  maneuvers  and  headwaj 
distances  were  calculated). 

A  supervisor  and  four  obsen  ers  were  located 
inside    the    traffic   analyzer   vehicle    and    four 
more  observers  were  stationed  outside,  but  in 
the  immediate  \  icinity  of  tin'  vehicle.    The  in 
side  observers  operated  certain  keys  which  re 
corded  vehicle  classification  and  driver  action 
in  t  he  merging  and  diverging  traffic  areas.   The 
outside    observers     recorded     the     manner     in 
which  drivers  utilized  the  acceleration  and  de 
celeration  lanes  including  various  driving  ac 
tions  such  as  use  of  brakes,  sudden  slowdowns, 
etc.     They  also  recorded   traffic  volumes  and 
lane  changing  on  those  lane-,  not  equipped  «  it  h 
road-detector  t  ubes. 

Accident  data,  compiled  for  but  li  illuminated 
and  nonilluminated  areas,  were  obtained  from 
State  Police  accident  reports,  The  onl\ 
Turnpike  accidents  considered  lor  comparative 
analyses  were  accidents  which  occurred  during 
the  first  8  months  of  1959.  Turnpike  accidents- 
prior  to  1959  were  not  considered  indicative  of 
(he  accident  experience  because  (he  road  W&i 
only  part  ially  open  to  (  rallic  in  1  958.  Accident 
information  for  the  Merrill  Parkway  and  foi 
all  other  Conned icu t  Stati'  highways,  used  foi 
comparative  purposes,  was  obtained  from  UK- 
last  full  year  of  accident  tabulations  available 
from  motor  vehicle  report  s. 

Inalyses  and  Discussion  of  Data 

The  multitude  of  dala  recorded  could  not 
be  treated  by  normal  tabulating  procedures 
and  a  high-speed  electronic  computer  was 
employed,      for  simplicity    in  analyses  of  ve 
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Figure  6. — Measurer!  illumination  values  under  one-half  normal  illumination. 


hide  speeds  and  lateral  placements,  motor 
vehicles  were  grouped  into  two  categories: 
(1)  light  vehicles — consisting  of  passenger  cars 
and  2-axle,  single-tire  trucks;  and  (2)  heavy 
vehicles — consisting  of  all  heavier  trucks, 
combinations,  and  buses.  The  vehicles  were 
also  classified  according  to  their  proximity  to 
other  vehicles  on  the  roadway,  as  follows: 

Free-moving  vehicle. — One  whose  longitudi- 
nal spacing  to  the  nearest  vehicle,  ahead  or 
behind  and  in  any  lane,  was  more  than  7 
seconds. 

Adjacent  vehicle.  -One  whose  longitudinal 
sparine,  to  the  nearest  vehicle  in  an  adjoining 
lane  was   I.  I  sei ds  or  less. 

Trailing  vehicle. — One  whose  longitudinal 
spacing  to  the  preceding  vehicle  in  the  same 
lane  was  3  seconds  or  less. 

Adjacent  and  trailing  vehicle.  -One  whose 
longitudinal  spacing  was  1.4  seconds  or  less 
to  the  nearest  vehicle  in  an  adjoining  lane, 
and  at  the  same  time  less  than  3  seconds  be- 
hind a  preceding  vehicle  in  the  same  lane. 

Other. — One  whose  longitudinal  spacing  to 
another  vehicle  in  the  same  lane  was  over  3 
but  less  than  7  seconds;  or  whose  longitudinal 
spacing  to  another  vehicle  in  an  adjoining  lane 
was  more  than  1.4  but  less  than  7  seconds. 


The  vehicle  position  classifications  thus  in- 
clude free-moving  and  unaffected;  adjacent  to 
a  vehicle  in  the  next  lane;  trailing  another 
vehicle  and  either  adjacent  to  another  vehicle 
or  laterally  in  the  clear;  and  finally,  "other," 
representing  a  position  of  near  but  not  close 
proximity  to  other  vehicles. 

Traffic  volumes 

The  total  traffic  and  the  traffic  distribution 
by  lanes  are  shown  in  table  1.  With  the  ex- 
ception of  one  period  during  nighttime  traffic 
at  site  4M  (lighting  condition  No.  8,  lane  and 
edge  lines  and  normal  illumination),  the  access 
and  exit  ramps  carried  more  traffic  than  any 
other  lane.  Generally  the  median  lane  car- 
ried the  smallest  percentage  of  vehicles  and 
the  curb  lane  the  next  smallest. 

At  both  sites  the  percentage  of  heavy  trucks 
and  buses  was  greater  at  night  than  during 
the  day,  as  shown  in  table  2.  Heavy  trucks 
and  buses  accounted  for  12  percent  of  the 
vehicles  recorded  at  site  4M  and  10  percent 
recorded  at  site  5M.  The  smaller  percentage 
of  heavy  vehicles  recorded  at  site  5M  was 
due  to  the  location  of  a  toll  plaza  east  of  the 
study  site  and  the  preceding  exit  ramp  west 
of  the  study  site  which  led  directly  to  U.S. 


Route   1  in  Stratford.     From  an  analysis   ofj 
traffic  data  (not  shown  in  tables)  it  was  found 
that   a   higher   percentage   of  heavy   vehicles 
were  in  the  through-traffic  streams. 

Vehicle  speeds 

No  significant  relation  between  vehicles 
speeds  and  the  lighting  conditions  was  estab- 
lished by  the  study.  Variations  among  day- 
time speeds  were  as  great  or  greater  than 
between  day  and  night  vehicle  speeds;  and 
these  variations  were  found  for  free  moving, 
adjacent,  and  trailing  light  and  heavy  ve- 
hicles. A  summary  of  the  average  day  and 
night  speeds  recorded  at  the  four  locations  is 
given  in  table  3. 

Classified  by  the  nine  lighting  conditions] 
during  day   and   night  traffic,   the  difference 
between  the  average  speeds  rarely  exceeded' 
3  miles  per  hour,  and  generally  the  difference  I 
was  less  than  1  mile  per  hour.     A  representative 
comparison  of  the  speeds  of  light  vehicles  on 
through  traffic  lanes,  their  lateral  placements,  | 
and  the  clearances  between  adjacent  vehicles, 
is  shown  in  table  4.     Cars  and  light  trucks 
observed  in  the  curb  lane  at  site  4M  and  in 
the  middle  lane  at  site  5M  were  used  for  the  J 
comparison  because  these  lanes  carried   the 
greatest  proportion  of  through  vehicles. 

A  review  of  the  distribution  of  all  speeds  (of 
which  table  4  is  but  a  representative  sample) 
indicated  that  the  percentage  of  through  lighi 
vehicles   traveling  below  40  miles  per  hum 
could    provide    an    index   for    comparing   the] 
relative  advantages  of  the  study  lighting  con-l 
ditions.     The  index  derived  for  each  lighting i 
condition  was  the  variation  (expressed  in  per-J 
cent)  of  the  percentage  of  nighttime  vehicles  i 
traveling  below  40  miles  per  hour  frbrn  the  per-J 
centage  of  the  total  daytime  vehicles  observed) 
at  the  same  site  traveling  below  40  miles  perl 
hour  during  the  average  day.     For  example, : 
if   35  percent   of  the   cars   and  light  trucks 
traveled  below  40  miles  per  hour  during  the 
average   day   and  30  percent  traveled  below 
40  miles  per  hour  at  night,  the  percent  varia- 
tion was  (30  — 35) -^35  or  14  percent.     If  the| 
nighttime    percentage    of    vehicles    traveling 
below  40  miles  per  hour  was  lower  than  th< 
daytime  figure,  then  the  variation  was  minus  ! 
If  the  converse  were  true,  the  variation  would  j 
be  plus. 


Figure  7. — A  section  of  the  Connecticut  Turnpike  under  one-half  normal  illumination  (left)  and  normal  illumination  (right). 
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Figure  S. — Interior  view  of  the  mobile  traffic  analyzer  vehicle. 


In  simpler  words,  a  minus  variation  means 
at  a  larger  proportion  of  vehicles  were 
aveling  faster  at  night  than  in  daytime. 
The  seemingly  large  values  that  appear  for 
me  lighting  conditions,  shown  in  figures  9 
d  10,  resulted  usually  from  the  fact  that 
iring  the  daytime  the  average  percentage  of 
iserved  speeds  below  40  miles  per  hour  was 
lite  low.  For  site  4M,  the  least  percentage 
.riation  occurred  for  the  lighting  conditions 
full  illumination  with  and  without  delinea- 


tion (condition  Nos.  8  and  9),  partial  illumi- 
n.ii  ion  with  delineation  (condition  No.  5),  and 
delineation  but  no  illumination  (condition 
No.  3).  From  the  variations  it  would  appear 
that  roadside  delineation  exhibited  an  influ- 
ence toward  maintaining  minimum  speed 
differentials;  and  that  where  delineations  were 
present,  partial  illumination  exhibited  very 
little  improvement  over  no  illumination. 

The  data  for  site  5M,  shown  in  figure  10, 
revealed    an    entirely    different    trend.      (The 


great  difference  iu  vertical  .scale  between 
figures  9  and  10  should  be  noted.)  A  smaller 
percentage  of  through  light  vehicles  traveled 
below  40  miles  per  hour  during  night  traffic 
than  during  the  day  for  all  lighting  conditions 
except  condition  No.  4,  edge  and  lane  lines 
and  one-half  normal  illumination.  One  ex- 
planation given  for  the  exception  was  that  the 
reduced  illumination  in  the  area  of  heavy 
diverging  maneuvers  resulted  in  a  loss  of  con- 
fidence and  subsequent  lowering  of  speed. 

To  test  the  results  given  in  figures  9  and  10, 
cumulative  speed  curves  for  each  lighting  con- 
dition were  compared  to  the  similar  curve  for 
the  average  day  at  the  two  study  sites.  The 
findings  of  the  comparison  lent  support  to  the 
effects  of  lighting  determined  by  speed 
variations. 

Lateral  placement 

Analyses  of  the  data  recorded  for  lateral 
placement  of  vehicles  failed  to  reveal  any 
significant  differences  for  the  nine  lighting 
conditions.  Certain  trends  were  indicated 
by  the  analyses  of  average  day  versus  night. 
placements,  as  shown  in  figures  11  and  12,  but 
none  that  could  be  used  as  criteria  for  evalua- 
tion of  the  lighting  conditions. 

In  this  study,  the  lateral  placement  of  a 
vehicle  was  the  distance  from  the  center  of 
the  vehicle  to  the  right  edge  of  the  traffic  lane. 
In  figure  11,  for  light  vehicles,  the  average 
placement ,  averaged  for  all  lighting  conditions, 
showed  that  at  the  start  of  the  exit  ramp  and 
near  the  end  of  the  access  ramp  there  was 
considerable  difference  between  the  place- 
ments in  the  outer  lane  and  the  inner  lane  for 
both  day  and  night  traffic.  This  difference, 
however,  did  not  appear  to  exist  in  the  average 
placement  of  heavy  vehicles  (fig.  12). 

Analysis  of  the  placement  data  did  indicate 
t  hat  all  vehicles  in  the  ramp  lanes  at  both  - 


Table  1. — Distribution  of  traffic  by  lanes  under  different  highway  lighting  conditions 


Highway  lighting  condition  number 
and  code ' 

Daytime  traffic 

Nighttime  1 1 

Vehicles 
per  hour 

Jercent  of  vehicles  using- 

Vehicles 
per  hour 

Percent  of  vehicles  using- 

Ramp 
lane 

Curb 

lane 

Middle 
lane 

Median 
lane 

Ramp 

lane 

Curb 

lane 

Middle 
lane 

Median 

lane 

Site4M: 
No  illumination: 

1—  LL2 

2— L-EL 

672 
1,236 

1,219 
1,174 
1,264 

1,096 

798 

1,296 

1.094 

629 
1,503 

1,  509 

1,488 
1,478 

1,567 
1,  401 
1,443 

1,377 

51.0 
36.8 

42.4 
38.7 
40.6 

40.5 
52.0 
39.8 

42.7 

38.8 
47.2 

51.2 
48.6 

48.4 

48.4 
46.5 

47.7 

47.1 

22.6 

17.8 

19.1 
17.1 
19.2 

20.0 
21.6 

19.0 

19.6 

17.2 
10.7 

10.6 
10.7 
11.7 

10.8 
10.7 
10.8 

11.6 

21.3 
34.0 

27.6 
34.7 
30.8 

30.3 
21.2 
31.1 

28.  9 

32.  6 
26.0 

22.8 
24.5 
25.4 

25.5 
27.1 
25.6 

26.2 

5.1 
11.4 

10.9 
9.5 
9.4 

9  i' 
5.2 
10.1 

8.8 

11.4 
16.1 

15.4 
16.2 
14.5 

15.3 
15.7 
15.9 

15.1 

313 

491 

519 
580 
553 

533 
376 
576 

194 

420 
666 

570 
656 
563 

582 
S10 
588 

607 

48.4 
35.6 

35.2 

40.0 
37.0 

38.5 
28.5 
40.3 

37. <) 

48.9 
44.2 

45. 1 
49.  2 
47.0 

13.  S 
59.8 
48.5 

48.3 

29.5 

27.7 

23.  l 
20.8 
21.7 

28.  I 

47.0 
22.0 

26.9 

21.4 
20.8 

19.  S 
lis 
22.  0 

22.0 

IS.   1 

17.8 
19.6 

18.4 

29.  8 

27.  0 
31.6 
34.4 

30.4 
20.0 

30.  9 

27.8 

24.5 

27.9 

26.9 
24.  4 

27.2 
17.5 
27.2 

25.0 

3.7 
6.9 

14.7 
7.6 

6.9 

8.0 
4.5 
6.8 

7.  1 

5.2 
7.1 

10.6 
'J.  1 
6.6 

7.0 
4.3 
6.5 

7.  1 

3— L-EL,D 

Partial  illumination: 
4.— L-EL.MI 

5.— L-EL,D,m__. 

6— L-EL,D,>|l(int.) 

Full  illumination: 
7.— L-EL,D,I(int.) 

8—  L-ELJ 

9.— L-EL,D,I 

Average - 

Site5M: 
No  illumination: 

l.-LL! 

2.— L-EL 

3— L-EL,D... 

Partial  illumination: 
4— L-EL,»4I 

5—  L-EL,D,34I 

6— L-EL,D,HI(int.) 

Full  illumination: 
7  — L-EL,D,I(int.) 

8.— L-EL.I  .. 

9.— L-EL,D,I... 

Average 

i  Code:  LL-lane  lines  only;  L-EL-lane  and  edge  lines;  D-roadside  delineation;  MI-one-half  normal  highway  illumination;  (int.)-interehange  area  only;  I-normal 
highway  illumination.    2  Traffic  data  were  not  available. 
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Table  2. — Percent  of  heavy  vehicles  recorded  at  the  study  sites,  classified  l>y 

lighting  condition 


Highway  lighting  condition  number  and  code  ' 

Percent  of  total  traffic  volumes 

Site4M 

Site  5  M 

D 

Night 

Day 

Night 

Xo  illumination: 

1-  LI 

22 
16 

10 

11 

16 

11 

11 
14 
9 

12 

23 

17 
15 

15 
13 
11 

11 
12 
12 

13 

12 
10 

7 
9 
9 

5 
10 
8 

9 

17 
13 
12 

13 
10 
13 

8 
15 

8 

12 

'      L-EL 

Partial  illuminal  ion: 
1.     L-EL,  i  ,1 

5      L-EL,  i).  i  ,1 

6.     L-EL,  D,  HI  (int.) 

Full  illuminal 

7.— L-EL,  n.  1  (int.) 

8     L-EL,  r.. 

9.   -L-EL,  n,  [..                          __ 

Average.-.  .      .-- .       .     

1  For  lighting  code,  see  table  1,  footnote  1. 

Table  3. — Summary  of  average  day  and  nighl  speeds  under  all  lighting 
conditions  recorded  at  the  four  locations 


Location 

Lighl  vehicles 

Heavy 

vehicles 

Daytime 

speed 

Nighttime 
speed 

Daytime 

speed 

N  ighttime 
speed 

Site  I M: 
Location  No.  1: 

Ramp  lane.    .. 

m.p.h, 
38.  o 

50.0 

41.0 
47.7 

42.3 
57.0 

37.1 
48.5 

m.p.h. 
38.  8 

49.  2 
40.  3 

16  -' 

42.8 
57.4 

38.1 
49.4 

m.p.h. 
31.  1 

IS.  4 

34.0 

47.  3 

15.  5 

55.9 

37.1 

49.  5 

in  ./ill. 

29.  1 
47.7 

30.  8 
46.4 

47.3 
56.4 

39.4 
53  1 

Curb  lane 

Location  No.  2: 

Ramp  lane.. _    

Curb  lane ._  . 

Sile5M: 
Location  Xo.  3: 

Curb  lane 

Middle  lane 

Location  Xo.  4: 

Hani])  lane...   .     _ 

Curb  lane      .        

tended  to  travel  closer  to  the  through  lanes  at 
night;  and  that  all  vehicles  in  the  curb  lane 
at  both  sites  generally  traveled  closer  to  the 
right  edge  of  the  traffic  lane  at  night. 

Headway  distance 

It  was  believed  that  the  position  a  driver 
selected  for  his  vehicle,  in  relation  to  the 
preceding  vehicle  in  the  same  traffic  lane, 
would  lie  influenced  by  various  lighting 
conditions  and  thereby  would  afford  the 
researchers  an  opportunity  to  measure  driver 
behavior  under  each  lighting  condition.  The 
approximate  time  equivalent  of  the  recom- 
mended safe  distance  bet  ween  successive  vehi- 
cles at   i  In-  posted  speed  of  (it)  miles  per  hour 


is  1.4  seconds.  The  percentage  of  headways 
below  this  longitudinal  time  spacing  was 
therefore  selected  as  the  criterion  in  evaluating 
the  effect  of  lighting  conditions.  However, 
a  review  of  the  percentage  distributions  could 
not  establish  any  definite  relation  between 
lighting  effects  and  headway. 

Clearances  between  vehicles 

As  utilized  in  this  study,  clearance  relates 
to  the  lateral  distance  in  feet  between  bodies 
of  adjacent  vehicles.  The  clearances  of 
through  light  vehicles,  shown  in  table  4,  were 
generally  representative'  of  all  vehicles  under 
all  lighting  conditions.  Clearance  appeared 
lo  be  greater  at   site  .">  M   than  at   site    1  M  under 


all  but  one  of  the  linhtinu,  conditions.  T 
differences  in  measurement  recorded  at  eai 
site,  however,  were  quite  small  in  magnitui 
and  so  varied  among  the  lighting  conditio 
that  no  distribution  significance  could  1 
realized. 

Lane  usage 

The  most  significant  findings  of  the  stuc 
related  to  the  use  of  the  acceleration  ai 
deceleration  lanes.  Data  for  this  phase 
i  In'  analyses  were  obtained  by  the  observe 
stationed  outside  the  mobile  traffic-ana lyz 
vehicle.  These  observers  recorded  the  numb 
of  vehicles  utilizing  the  access  ramp  and  tl 
proportion  of  the  length  of  the  accelerate 
lane  which  was  traversed  by  each  vehic 
before  crossing  into  the  curb  lane.  At  t"; 
exit  site,  vehicles  using  the  deceleration  lai 
and  the  length  of  use,  were  also  recorded. 

For  ease  and  accuracy  in  recording  obserl 
data,  the  acceleration  and  deceleration  hue 
were  divided  into  three  equal  sections.  Tj 
percentage  of  total  vehicles  crossing  into  ai' 
out  of  each  third  of  the  lane  under  each  lightii 
condition  at  night  was  paired  with  the  coi 
parable  percentage  figure  for  the  average  dal 
The  difference  between  the  figures  was  thi 
expressed  as  a  percentage  of  the  average  di 
figure,  and  the  percentages  for  the  three  se 
tions  of  the  speed-change  lanes  were  average 
The  averages  of  the  3  percentage  variatio 
from  the  average  day  are  plotted  in  figures 
and  14  for  each  lighting  condition.  No  pd 
centage  variation  is  given  for  condition  No.1 
as  no  data  for  "lane  lines  only"  was  availab 
The  average  variation  is  in  effect  a  measure 
how  close  night  operation  approaches  daytir1] 
operation. 

For  site  4M,  figure  13,  it  was  found  th 
under  the  same  conditions  of  delineation,  u 
of  the  acceleration  lane  at  night  was  direct 
related  to  the  level  of  illumination.  As  t 
amount  of  illumination  increased,  night  usa] 
of  the  acceleration  lane  more  nearly 
proached  daytime  usage.  For  example,  wil 
delineation  and  no  illumination,  condition  N 
3,  night  usage  of  the  acceleration  lane  was  i 
percent  different  from  the  average  day;  wi 
one-half  illumination,  condition  No.  5,  1 
variation  dropped  to  23  percent;  and  with  fi 
illumination,  condition  No.  0,  the  variatii 
was  17  percent. 


Table  I. — Summary  of  average  speed,  lateral  placement,  and  clearance  for  light  vehicles  in  through  traffic  lanes 


Highway  lighting  condition 
number  and  code 

Sltc4_\l 

so,'  5M 

Speed 

Placement  - 

Clearance 

Speed 

Placement  -' 

i  !learanee 

Day 

Night 

Day 

Night 

Day 

Night 

Day 

Night 

Day 

Nighl 

|)a\ 

Night 

Xo  illumination: 
1— LI 

m.p.h. 

49.  H 
51.3 

49,  2 

50.3 
50.8 
49.8 

18  e 
51.0 

49.  5 

50.0 

'/'  p.h. 

47.0 

48.  1 
47  2 

51   -' 
50  0 
50.  5 

49,  7 

19   0 

49,  8 

49.2 

Feet 

6.  6 

li.  7 
6.  7 

6  9 

6.5 
6.  6 

6  5 
6.  9 

6.7 

0.7 

Feet 

6.  l 
6.8 

li.  4 

6.4 
6.  5 

ii.  li 

li.  6 
6.  5 

7.0 

6.5 

Feet 

6,  9 

7.4 
7.4 

7.4 
7    1 
7.2 

7.  1 
8.3 

7.6 

7.4 

F<  ( / 

6.2 

6.8 

7.0 

0  2 
7.8 
6.8 

7.0 
7.0 
7.3 

7.0 

m.p.h. 

55.9 
56.8 
58.5 

57.5 
56.9 

57.  1 

58.  9 
59  l 
57.8 

57.6 

m.p.h. 

57.2 
50.  5 
57.7 

58   1 

56.  7 

58  if 
58  5 

57.  5 

57.4 

Feet 

li.  4 
li.  7 
6,  8 

6,  s 

ii  ii 

li    N 

7   1 
li  9 

7.  2 

0.  s 

/■; ,  / 

6  o 

li.  5 
7.2 

li   9 

0.  7 

li.  li 

(i.  7 
li.  9 
6.8 

0.  7 

I'll  1 

8.6 

8.0 
8.3 

8.4 
8.  1 
8.  1 

8.  1 
8.  _' 
8  l 

8.3 

Ft  •  i 

8  n 
7.3 
8  3 

s.  o 
8  :. 
7.  9 

8  2 
S.  4 
7.9 

8.1 

2.— L-EL. 

3.— L  EL,  D____ 
Partial  illuminal 

4.— L-EL,  i    I 

5.— L-EL,  D,  i  ,1    . 

6—  L-EL,  Ii,  y2\  (int.)  ._ 
Full  illumination: 

7.— L-EL,  D,  I  (int.) 

8.— L-EL,  I 

9—  L-  EL.  1).  I 

Average...  ..    . 

For  lighting  code,  see  table  I,  footnote  l. 


I  list  a  nee  in  feet  center  of  car  to  right  edge  of  lane.       ••  Clearance  in  feet  between  bodies  ol  adjacent  cars. 
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gure  9. — Night  from  average  day  percentage  variations  of  speeds 
for  through  light  vehicles  traveling  below  40  miles  per  hour  under 
the  nine  lighting  conditions  at  site  4M. 
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Figure  10. — Night  from  average  day  percentage  variations  of  speeds 
for  through  light  v?hicles  traveling  beloiv  40  miles  per  hour  under 
the  nine  lighting  conditions  at  site  5M. 


J.n  the  use  of  the  deceleration  lane  at  site 
i,  figure   14,  full  illumination   also  yielded 

best  results.  One-half  illumination,  on 
e  average,  produced  slightly  larger  variations 
pm  daytime  operations  than  no  illumination. 
Again  the  importance  of  delineation  was 
nionstrated.  Under  full  illumination  with 
ta  ^ineation,  the  percentage  variation  was  al- 
>st  negligible,  whereas  under  full  illumina- 
n  with  no  delineation  the  variation  was 
pr  15  percent. 
Other    driver    behavior    recorded    included 

of  brakes,  sudden  deceleration,  cutting 
er,  and  changing  lanes.  Analyses  of  the 
served  data  revealed  nothing  of  significance. 
,iere  was  more  sudden  deceleration  and  use  of 
ikes  at  the  exit  ramp  site  for  condition  No. 
lane  and  edge  lines  only,  than  under  tin' 
ler  lighting  conditions  during  hours  of 
rkness.  During  daylight  hours,  there  was 
even  higher  total  of  such  driver  behavior 
both  study  sites. 

cident  data  analyzed 

Correlation  of  traffic  operations  with  acci- 
its  was  found  to  be  rather  inconclusive  be- 
lse  of  the  limitations  of  the  data  available. 


SITE    NO  4M 


Traffic  volumes  and  other  highway  charac- 
teristics were  different  for  the  illuminated  and 
nonilluminated  sections  of  the  Connecticut 
Turnpike.  Incomplete  roadway  openings, 
general  construction  cleanup,  etc.,  made  it 
necessary  to  limit  the  surveillance  of  Turnpike 
accidents  to  the  first  8  months  of  1959. 

A  summary  of  the  general  accident  statistics 
for  the  illuminated  and  nonilluminated  sec- 
tions of  the  Turnpike  is  shown  in  table  5 
along  with  similar  data  for  the  nonilluminated 
Merritt  Parkway  and  all  State  highways. 

The  accident  rates  for  both  day  and  night 
travel  on  the  Turnpike  were  considerably 
lower  than  on  either  the  Merritt  Parkway  or 
the  Stale  highways.  This  was  to  be  expected 
because  of  the  higher  standards  of  design  of 
this  modern  controlled-access  facility  and  its 
traffic  appurtenances. 

Analyses  of  the  accident  rates  on  the  Turn- 
pike revealed  a  slightly  higher  rate  for  the 
illuminated  section  during  the  day  than  for  the 
nonilluminated  section,  and  an  appreciable 
higher  rate  for  the  illuminated  section  during 
the  nighttime.  Comparing  day  and  night 
accident  rates  on  the  illuminated  section,  the 


night  rate  was  1.76  times  that  of  the  dav  rate; 
while  on  the  nonilluminated  section,  the  night 
rate  was  t.36  times  the  day  rale.  However, 
testing  the  differences  statistically,  the  acci- 
dent rates  did  not  prove  to  be  significant. 
Also,  wrhen  evaluated  with  respect  to  the  wide 
variation  in  volumes  and  other  characterisi  ics 
between  the  illuminated  and  nonilluminated 
sections,  (he  differences  between  the  accident 
rates  did  not  appear  to  be  significant. 

Analyse-  were  also  made  of  the  relative 
exposure  to  accidents.  This  basically  in- 
volved a  comparison  of  the  traffic  volumes, 
frequency  of  ramp  intersections,  and  general 
roadwaj  features.  While  it  appeared  that 
conditions  in  the  illuminated  section  were 
considerably  more  conducive  to  accidents  than 
in  the  nonilluminated  section,  the  following 
distinctions  were  made: 

•  The  general  roadway  design  standards  in 
the'  two  sections  were  the  same  for  maximum 
curvature,  maximum  gradient,  and  ramp 
intersections. 

•  The  average  daily  traffic  volume  on  the 
illuminated  section  was  approximately  3.6 
times  that  on  the  nonilluminated  section. 
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ure  11. — Average  day  and  night  lateral  placements  for  light 
ehicles,  averaged  for  all  lighting  conditions.  Distance  in  feet 
rom  center  of  vehicle  to  right  edge  of  traffic  lane. 
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SITE   N0.5M 

Figure  12. — Average  day  and  night  lateral  placements  for  heavy 
vehicles,  averaged  for  all  lighting  conditions.  Distance  in  feet 
from  center  of  vehicle  to  right  edge  of  traffic  lane. 
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■igure  13. — Night  from  average  day  percentage  variations  of  use  of      Figure  14. — Night  from  average  day  percentage  variations  of  use  < 
acceleration   lane  at   site    t\l.      {No  data  available  for  condition  deceleration   lane  at   site  5M.      (No  data  available  for  conditio 

No.  1.)  No.  1.) 


•  There  were  twice  as  many  ramp  inter- 
sections per  mile  along  the  Turnpike  in  the 
illuminated  seel  ion. 

•  The  illuminated  section  followed  a  more 
undulating  course  than  the  nonilluminated 
seel  ion. 

The  importance  of  these  highway  and  traffic 
features  was  evidenced  by  the  fact  that  within 
the  illuminated  section,  13  percent  of  the 
accidents  occurred  in  only  27  percent  (14.3 
miles)  of  the  total  53  miles.  The  average 
daily  traffic  volumes  in  the  14.3-mile  section 
ranged  from  30,000  to  40,000.  A  portion  of 
the  14.3-mile  section,  the  6.9  miles  with  the 
highest  traffic  volume,  which  was  about  1.6 
times  that  for  the  total  53  miles,  was  also 
subjected  to  a  comprehensive  examination. 
The  comparative  results  are  shown  in  table  6. 

Several  significant  facts  were  evident  from 
the  accident  summary.  The  daytime  accident 
rate  of  the  6.9-mile  section   was   114  per   100 


million  vehicle-miles,  or  1.54  times  the  day- 
time rate  (74)  for  the  entire  53  miles  of 
illuminated  highway.  The  nighttime  accident 
late  of  the  6.9-mile  section  was  135  per  100 
million  vehicle  miles,  or  1.18  times  that  of  the 
daytime  rate  and  only  1.04  times  the  average 
nighttime  rate  for  the  53-mile  section. 

The  daytime  accident  rate  increased  with 
the  traffic  volumes  whereas  the  nighttime  rate 
remained  substantially  the  same  and  was  then 
only  slightly  greater  than  the  daytime  rate  on 
the  same  section.  It  must  be  realized  that  in 
the  areas  under  discussion  the  traffic  volumes 
during  the  day  were  about  double  those  during 
the  night . 

It  would  appear  from  the  analyses  of 
accident  rates  for  the  illuminated  sections 
of  varying  traffic  volumes  that  highway 
illumination  may  have  had  a  beneficial  effect 
on  accident  experience.  However,  it  was 
evident  that  the  value  of  accident  experience 


Table  5. — Summary  of  accident  data  for  the  Connecticut  Turnpike,  iMerritt  Parkway,  and 

other  Connecticut  Stale  highways 


Total 

ravel. 

Number  o 

accidents 

A 

icident  rat 

i>i 

Facility 

1  lighway 
mileage 

vehicli 

-miles 

Day 

Night 

Day 

Night 

Day 

Night 

Ratio: 
night/day 

Connecticut  Turnpike:  - 

Non-illuminated 

l  ital 

53.  0 
12&  7 

inn 

million 

2.40 

9g 

:;  39 

Hill 

■mill  inn 

]   29 

53 

I   82 

177 

71 

248 

168 

.".2 
221! 

74 
72 
73 

13(1 

98 
*  121 

1.76 
1.36 

1  66 

Merritt  Parkway— 1957 - 

37.  5 

3.45 

.'.17 

193 

4(12 

113 

414 

2  (in 

All  State,  highways— 1957 

3.  224,  7 

3ii.(l7 

16.75 

8,  736 

(i.  117 

224 

365 

1.63 

i  Number  of  accident    per  Km  million  vehicle-miles. 


2  Accident  data  from  Jan.  I,  1959,  to  Sept.  1,  1959. 


Table  6. — Accident  summary  of  the  lii^li  traffic  volume  areas  in  the  illuminated  section  of 

the  Connecticut  Turnpike 


1 1  ighest  traffic  volume  sections 

Total  travel. 
vehicle-miles 

Numbei  of  accidents 

Accident  rate 

Day 

Night 

Day 

Night 

Day 

Night 

14.3-mile  section .  

Total  illuminated  length  (.13  miles) 

wo 

mil/inn 
11    II 
85 

2  to 

ton 
million 

II   23 
,4.i 

1  29 

5(1 

Ml 

177 

31 
7(1 
168 

11! 
94 

74 

135 

15(1 
13(1 

1  Number  of  accidents  per  100  million  vehicle-miles. 


in  establishing  criteria  for  highway  illumin; 
tion  would  require  considerably  more  da 
than  was  available,  if  statistically  significai 
results  were  to  be  obtained. 

Summary 

The  results  of  the  analyses  of  the  stuc 
data  presumably  can  be  considered  typie 
for  a  freeway  similar  in  design  and  trafl 
volumes  to  that  of  the  Connecticut  Turnpik 
The  interchange  studied  was  probably  al 
typical  of  freeway  interchanges  both  fro 
the  standpoint  of  geometries  and  trafl 
volumes.  Under  congested  traffic  conditio! 
the  results  might  differ  considerably. 

The  more  important  results  evolved  fro 
1  he  ,-t  inly  are  as  follows: 

1.  Neither  average  speed,  lateral  placemei 
headway  distance,  nor  lateral  clearan 
showed  any  consistent  change  between  d; 
and  night  conditions  by  virtue  of  highw, 
illumination  or  delineation. 

2.  Nighttime  usage  of  the  acceleration  la 
approached    daytime    usage    as    the    level 
illumination     increased.     A     similar    pattj 
existed  at    the   deceleration   lane,   although 
was  more  variable. 

3.  In  general,  it  appears  that  benefil 
results  of  illumination  in  the  decelerati 
area  were  derived  when  it  was  used  at  the  f 
level  and  that  even  greater  services  wi 
derived  when  illumination  was  combined  w 
roadside  delineation.  Illumination  of  t 
interchange  area  only  did  not  appear  to 
desirable  insofar  as  the  access  ramp  site  v 
concerned. 

4.  Analyses   of   the   accident   data   for 
illuminated    and    nonilluminated    sections 
the    Connecticut    Turnpike    do    not    pros 
conclusive    results    because    of    the    extrlj 
variance  in  traffic  volumes  and  other  highv 
characteristics. 

Despite     the     extensive     analyses     of 
tremendous    volume    of    data    recorded, 
positive  or  significant  trends  could  be  del 
oped    that    would    define    specific    warra| 
for   highway   lighting.     However,   the  res'B 
of  the  investigation   did  point   up   the   v:  e 
(Continued  on  page  71) 
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Digital  Recording  for  Highway  Research 


BY  THE  DIVISION  OF  TRAFFIC  OPERATIONS 
BUREAU  OF  PUBLIC  ROADS 


Reported  <  by  RICHARD  C.   HOPKINS, 
Chief,  Instrumentation  Branch 


•'T'llE    moving    finger    of    Omar     Khayyam 
J-  possibly   could   have  Ween   inspired  by   the 
ontrivance    of    some    12th    century    scientist 
who  attached  a  stylus  to  a  lever  transducer 
<o  that  an  ancient  analogue  was  produced  on 
i  clay  or  wax  tablet  drawn  through  this  de\  ice 
Iby  a  slave  walking  in  cadance  with  a   water 
•lock.     The    discoveries    of    magnetism    and 
•led  ricil  y  did  not  produce  any  changes  in  this 
iasic   system;    they   only    brought    operational 
mprovements    such    as    pen    motors    and    gal- 
vanometers,  capillary   pens  and   light    beams, 
pring   clocks   and   synchronous    motors,    and 
Laper  charts  to  replace  the  limited  clay  tablet . 
Since    the    inception    of    the    oscillograph, 
ijlhousands  and  thousands  of  miles  of  analogue 
■harts    have    been    recorded,    analyzed,    tran- 
scribed, and  filed.      And. the  analogue  chart, 
Rvhich  may  be  described  as  a  pictoral  represen- 
tation of  a  fact,  will  certainly  always  be  with 
as:  but,  its  future  use  will  become  more  and 
-Jpiore  confined  to  special  and  carefully  selected 
i Applications.       Taking  the  place  of  the  ana- 
logue, digital  recording  (recording  information 
■  s    numbers)     is    becoming    more    commonly 
ised  and  appreciated  by  the  research  engineer. 
Automatic    digital    recording    was    possible 
fnd  could  have  been  in  common  use  several 
Tears  ago.     However,  the  data-reduction  proc- 
'  jsses  were  limited  to  the  use  of  desk  calculat- 
'"jjig  machines  or  punched  card  machines,  and 
was   relatively    easy    for    clerks   to    supply 
Tigits  from  analogues  as  fast  as  calculating- 
lacliine    operators    or    key    punch    operators 
ould  handle  them. 

Only    a    few    short    years    ago,    the    digital 

omputer,  in  the  evolution  of  electronics,  was 

hanged    from    a    million-dollar    wonder     to 

few-thousand-dollar  office  machine.      Users 

"pon  became  aware  of  the  machine's  tremen- 

ous  capacity  for  digits.     It  was  able  to  ingest 

ad   digest    digits  faster   than   small  armies  of 

!  !  Oth  century  clerks  could  analyze,  transcribe, 

nd  key-punch  analogue  charts. 

The  obvious  answer  to  the  problem  of  the 

lie  computer  was  to  eliminate  the  analogue 

nd   to    record    all   information    intended    for 

utomatic  data  reduction  in  digital  form.     So, 

tilizing  the  circuits  and  techniques  that  had 

een    developed    for    the    digital    computer, 

ectronic     instrument      manufacturers      have 

tade    available    "hardware"    and    complete 

nits  which  will  deliver  digital  records  from 

iasting  analogue  systems  in  addition  to  per- 

irming  in  their  primary  application  in  newly 

■signed  digital  systems. 

.,.f- 

'This  article  was  presented  at  the  39th  Annual  Meeting 
the  Highway  Research  Board,  Washington,  D.C.,  January 
60. 
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Glossary  of  Terms 

Some  of  the  electronic  terms  employed  in 
this  article  are   as  follows: 

Print  command.  -An  electrical  signal  which 
indicates  to  a  digital  recorder  that  the  periodic 
data  C  )1  led  ion  is  complete  and  is  to  be  planted. 
This  signal  may  be  either  manually  or  auto- 
matically cont  rolled. 

Staircase.  A  digital  code  in  which  each  digit 
from  I)  to  9  is  represented  by  a  discrete 
voltage  that  is  one  of  equal  sequential  steps 
above  or  below  a  design  reference  volt  age. 

10-Line.  A  digital  code  in  which  each 
digit  from  0  to  9  is  represented  by  an  individual 
elect  Heal  contact. 

Binary  roile. —  A  term  referring  to  one  of 
several  electrical  methods  of  indicating  a 
decimal  number  in  a  binary  system.  The 
two  most  frequently  used  systems  in  digital 
recording  totalize  binary  indications  of 
1-2-4-8  or  1-2-2-4  to  obtain  the  desired 
digit. 

Time  base  generator.  An  electronic  device 
which  provides  a  repetitive  signal  of  known 
frequency  at  a  high  degree  of  accuracy.  (See 
digital  clock.) 

Digital  clock. — An  electronic  device  which 
accepts  the  output  of  a  time  base  generator, 
accumulates  totals  of  usable  time  intervals, 
and  provides  for  the  time  increment  recording 
in  a  digital  system. 

Electronic  decade  scaler.  A  binary  device 
which  counts  electrical  input  signals  and 
provides  a  digital  output  of  the  total  between 
I)  and  9.  The  device  then  produces  a  "carry- 
over" signal  and  repeats  its  counting  sequence. 

Digital  voltmeter.  An  electronic  instrument 
which  can  accept  direct  current  voltages  and 
display  the  values  as  decimal  numbers.  The 
voltmeter  also  provides  for  a  recorder  input 
by  one  of  the  standard  digital  codes. 

Digital  Recording  Systems 

The  purpose  of  this  article  is  to  introduce 
those  familiar  with  analogue  recording  tech- 
niques to  some  of  the  standard  electronic  units 
which  may  be  combined  to  form  flexible  digital 
recording  systems. 

The  Bureau  of  Public  Roads  has  been 
digitally  recording  traffic  survey  data  since 
1946  when  special  solenoids  were  mounted  on 
standard  adding  machines  due  to  the  lack  of 
commercially  available  equipment.  Ten  years 
later  if  was  still  necessary  for  the  Bureau  of 
Public  Roads  to  provide  its  own  solenoids. 
Today,  however,  the  manufacturers  of  busi- 
ness   machines   provide   for   remote   electrical 


actuation  of  nearly  all  models  and  almost  all 
manufacturers  either  provide  for  a  direct 
output  to  a  motorized  tape  punch  or  have  an 
auxiliary  unit  to  provide  this  output.  This 
rapid  trend  toward  the  remote  or  automatic 
handling  of  data  by  office  machines  is  only 
mildly  indicative  of  the  advances  being  made 
in  electronic  computer  print-outs  or  recorders 
designed  for  digital  systems. 

These  newer  recorders  will  be  briefly  dis- 
cussed and  a  few  typical  systems  will  be  shown 
that  can  be  used  individually  or  in  combina- 
tion to  produce  direct  printed  records  of 
measures  of  physical  quantities. 

It  is  difficult  to  observe  any  digital  system 
without  becoming  fascinated  by  the  rapidity 
ami  positiveneSS  with  which  the  data  are 
printed  and  to  admire  the  complex  mechanism 
which  so  faithfully  transfers  electrical  intelli- 
gence into  numerals.  In  fact,  the  effect  is  to 
often  overweight  the  importance  of  the  re- 
corder which  may  mask  a  much  more  com- 
plicated     system      of     data      collection.         So, 
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Fiiiurr     1. — Three    digital    recorder    input 

codes. 
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because  of  the  straightforward  design  of  these 
recorders,  it  is  possible  for  the  purpose  of  this 
article  to  consider  only  a  few  external  features 
that  are  pertinent  to  any  digital  system  and 
then  consider  in  more  detail  such  systems  and 
possible  alternates. 

Selection  of  the  first  digital  recorder  will 
probably  be  dictated  by  the  output  of  the 
system  that  has  determined  its  need.  There- 
fore, since  the  features  of  accepting  and  storing 
digits  to  be  printed  on  command  are  common 
to  all  recorders,  ii  is  only  necessary  to  refer 
to  recorders  in  terms  of  staircase,  10-line,  or 
binary  code.  These  digital  recorder  input 
codes  are  illustrated  in  figure  1, 

In  a  staircase  input  each  digit  in  each  column 
is  represented  by  some  particular  voltage  with 
respect  to  a  zero  level.  A  typical  example  is 
the  use  of  +138V  to  represent  "0,"  +54V  to 
represent  "9,"  and  the  other  digits  represented 
by  voltages  equally  separated  between  these 
two. 

The  10-line  recorder  provides  a  common 
terminal  for  a  battery  connection  and  10  digit 
terminals  for  each  column.  A  digit  is  stored 
in  such  a  recorder  by  simply  completing  the 
circuit  from  the  other  terminal  of  the  battery 
to  the  proper  digit  terminal. 

A  binary  code  input  is  what  the  name  im- 
plies. In  this  system,  the  sum  of  the  code 
units  is  the  decimal  equivalent  of  the  binary 
number  produced  by  the  electronic  system. 
Because  of  electronic  expediency,  code  values 
of  1-2--2-4  are  usual  although  recorders  with  a 
1-2-4-8  input  are  available. 

In  physical  dimension,  a  digital  recorder  is 
about  20  inches  long,  12  inches  high  and  15 
inches  deep  and  may  be  obtained  in  an  in- 
dividual cabinet  or  with  a  panel  for  relay  rack 
mounting.  The  recorder  normally  operates 
from  120V  60-cycle  power  with  a  demand  of 
the  order  of  150  watts.  Recorder  models  are 
available  to  print  from  6  to  12  digits  as  rapidly 
as  5  times  per  second  with  some  special 
computer  print-outs  capable  of  much  higher 
recording  rates. 


Time  recording 

In  considering  the  systems  that  collect  and 
prepare  the  data  to  be  recorded,  the  measure- 
ment of  time,  being  the  abscissa  of  almost  all 
of  the  common  analogue  records,  should 
probably  be  considered  first.  Unit  time  in 
the  analogue  is  unit  length  and  its  measure  is 
dramatically  illustrated  by  the  bulk  of  the 
recorded  chart. 

In  a  digital  system,  time,  like  all  other 
quantities,  must  be  recorded  in  its  numerical 
value.  An  exception  to  this  would  be  a  situa- 
tion  which  permitted  the  recorder  print 
command  to  be  controlled  by  time  units. 
Each  record  would  then  indicate  the  passage 
of  one  time  unit  and  elapsed  time  could  be 
determined  in  the  data  reduction  process  by 
totaling  the  individual  recordings. 

In  the  general  case,  however,  a  time  base 
generator  or  digital  clock  must  be  included  as 
a  pari  of  the  data  collection  system  and  its 
significant  figures  recorded.  Two  typical  time 
bases  are  shown  in  figure  2.  A  quartz  crystal 
oscillator  (usually  100  kc.)  is  connected  to 
suitable  electronic  frequency  divider  circuits 
to  produce  the  time  unit  required.  These 
time  units  are  counted  by  an  electronic  decade 
scaler  with  an  output  for  each  count  of  10 
carried  over  to  another  similar  scaler.  As 
many  decade  scalers  as  necessary  may  be 
interconnected  and  the  output  (staircase  or 
binary  code)  of  each  scaler  is  always  available 
for  transfer  to  a  proper  digital  recorder. 

A  second  practical,  and  somewhat  more 
mechanical,  system  would  utilize  a  synchron- 
ous motor,  proper  reduction  gears,  and  an 
electrical  contact  closed  by  the  driven  cam. 
Ten  contact,  spring-driven  stepping  switches 
would  then  be  used  in  each  decade  and  a  10- 
line  output  to  a  digital  recorder  would  be 
available. 

As  circumstances  might  require,  the  stepping 
switches  could  be  actuated  by  the  quartz 
crystal  oscillator  and  divider  circuits  or  the 
electronic  decade  scalers  could  count  the 
contact   point   closures.      Other   suitable   time 
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Figure  2. —  Typical  digital  clocks  for  time  recording. 
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Figure  3. — A  direct  method  of  convertini 
weight  analogue  systems  to  digital  re 
cording. 

base  circuits  make  use  of  capacitor  discharg 
time,  tuning  forks,  direct  counting  of  th 
powerline  frequency,  etc. 

Weight  recording 

Weight  can  be  directly  detected  by  loa' 
cells.  For  use  in  conjunction  with  direc 
writing  oscillographs,  load  cells  and  th 
necessary  oscillator-amplifier  systems  aril 
commonly  used  in  many  highway  reseam 
laboratories.  Two  alternative  methods  c 
converting  typical  laboratory  weight  analogu 
systems  to  digital  recording  are  possible! 
Both  are  equally  accurate  and  the  choice  wi 
be  dictated  by  future  utilization  of  th 
equipment  which  is  to  be  procured. 

A  direct  substitution  approach,  figure  3, 
to  simply  replace  the  direct  writing  oscilkj 
graph  with  a  digital  voltmeter.  For  a  min 
mum  of  data  collection,  the  weight  values  ca 
be  manually  recorded  from  the  digital  indici 
tion  on  the  voltmeter.  However,  since  it  1 
assumed  that  large  quantities  of  data  are  1 
be  collected  and  that  a  digital  recorder  hi 
also  been  obtained,  the  digital  voltmeter  wl 
be  directly  connected  to  a  compatible  digit] 
recorder  and  automatic  data  collection  will  if 
accomplished  on  each  print  command. 

The  less  direct  method,  but  in  man 
respects  more  desirable,  diagram  A  in  figure  \ 
is  to  substitute  a  voltage-to-frequency  coj 
verter  for  the  direct  writing  oscillograph.  . 
electronic  counter  unit  is  also  added  and 
used  to  measure  the  output  frequency  an 
transfer  t  he  weight  data  to  the  digital  record- 
Although  requiring  an  additional  unit,  I 
method  is  favored  because  the  counter  ui 
will  have  many  more  laboratory  applieatio 
than  a  digital  voltmeter  and  the  origir 
extra,  expense  will  result  in  later  economi 
Furthermore,  the  two  units  will  always  CO] 
bine  for  a  direct  measurement  of  voltage. 

Vibration  or  dynamic  strain  recording 

Vibration  or  dynamic  strain  investigatic 
have  encouraged  the  purchase  of  much  of  t 
electronic  equipment  now  used  in  highw 
and  structural  laboratories.  The  usual  s; 
tern  to  record  vibration  or  dynamic  strain 
standard  carrier-amplifier  equipment  w 
either  a  direct-writing  or  galvanometer-m 
oscillograph  output.  The  digital  system 
these  data  recording,  as  shown  in  figure 
requires  a  direct  measurement  of  two  valu 
amplitude  and  frequency.  The  amplitude] 
detected  by  a  peak  voltmeter  for  measuremi 
by  a  standard  digital  voltmeter  and  the  i 
quency  is  directly  determined  by  one  of  1 
standard  electronic  counters.     Both  ampliti 
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i'#ure  J. — Digital  recording  diagrams  for  Height,  heigh  t,  temperature,  and  speed  (and  electrical  keyboard  for  coding)  using  the  voltage-to- 
frequency  converter  and  the  electronic  counter. 


[id  frequency  can  then  be  recorded  as  desired 
,id  the  time  saved  can  be  best  appreciated 
i  v  those  who  have  counted  cycles  on  analogue 
jrarts  to  determine  frequency.  The  addition 
k  a  cathode  ray  oscilloscope  will  permit  the 
bservation  of  waveform  and  a  camera  will 
jrovide  the  few  necessary  illustrations  for 
Ichnical  reports. 

eight  recording 

I  Liquid  levels,  large  displacements  in  oper- 
ing  mechanisms,  and  other  height  recordings, 
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gure  5. — Digital  recording  of  vibration  or 
dynamic  strain. 
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can  be  measured  and  recorded  by  the  system 
shown  as  diagram  B  in  figure  4.  A  precision, 
10-turn  potentiometer  divides  the  voltage 
output  of  the  regulated  power  supply  in  direct 
ratio  to  the  level  being  measured.  The  print 
command  would  usually  be  controlled  by  some 
digital  clock  and  a  direct  printed  record  is  the 
result. 

Deflection  recording 

Figure  6  shows  a  system  somewhat  similar 
to  that  used  in  recording  height  but  which  is 
more  practical  for  small  displacements  or 
deflections.  In  this  system  a  linear  precision 
potentiometer,  or  a  linear  variable  differential 
transformer  (LVDT)  in  a  carrier-amplifier 
system,  provides  a  direct  reading  of  move- 
ment. The  print  command  in  this  instance 
could  be  controlled  by  position  detectors  "D" 
to  provide  a  deflection  record  of  a  structural 
member. 

Temperature  recording 

Any  system  of  temperature  detection  with 
an  electrical  output  can  be  adapted  for  digital 
recording.  Diagram  C  in  figure  4  shows  one 
typical  system  in  which  strain  gages  are 
attached  to  a  bimetal  strip.  A  standard 
bridge-amplifier  couples  such  a  detector  to  a 
digital  voltmeter  for  transfer  to  the  recorder 
at  any  desired  time.  Other  detectors,  such 
as  thermistors  or  thermocouples,  can  be  easily 
accommodated. 


Speed  recording 

Shaft  speeds  are  detected  by  a  tachometer 
as  in  analogue  systems.  However,  for  digital 
recording  it  is  generally  more  convenient  to 
use  a  digital  tachometer  rather  than  convert- 
ing an  analogue  output.  The  common  tachom- 
eter generator  produces  an  increasing  voltage 
with  increasing  shaft  speed;  the  digital  ta- 
chometer produces  one  or  more  pulses  per 
revolution  of  the  shaft.  The  digital  recording 
system  is  completed  by  connecting  a  digital 
tachometer  to  an  electronic  counter  which 
has  a  time  base  and  gating  circuits  to  count 
pulses  per  unit  of  time.     The  shaft  speed  then 
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Figure   6. — Digital   reoording   of  small   dis- 
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becomes  direct  reading  for  transfer  to  the 
digital  recorder.  A  typical  system  is  shown 
as  diagram  I  >  in  figure  4. 

.Manual  coding 

Notations,  which  must  be  entered  by  hand 
on  an  analogue  chart,  can  usually  be  more 
conveniently  handled  by  an  electrical  key- 
board in  a  digital  system  by  entering  numerical 
codes  directly  in  the  recorder.  This  can  always 
be  done  by  providing  decades  of  push  buttons 
connected  to  produce  the  proper  digital  code 
for  the  type  of  recorder  used  (diagram  E  in 
figure  4). 

Traffic  Impedance  Analyzer 

It  is  a  rare  occasion  when  a  physical  investi- 
gation requires  the  recording  of  only  a  single 
channel  of  information.  It  is  much  more 
likely  that  the  capacity  of  any  given  recorder 
will  tie  strained  and  a  complicated  system  for 
programing  the  data  entries  will  become 
desirable.  However,  most  problems  can  be 
reasonably  limited  to  the  capacity  of  the  11- 
or  12-digit  recorders  available. 

An  example  of  several  data  being  simulta- 
neously entered  on  a  digital  recorder  is  pro- 
vided in  the  traffic  impedance  analyzer  devel- 
oped by  the  Bureau  of  Public  Roads  for 
speed  and  delay  studies  and  operating  econ- 
omy studies.    This  digital  data-collecting  and 


I 


recording  system  is  mounted  in  a  motor 
vehicle,  figure  7,  and  when  the  vehicle  is  in 
motion,  at  1-second  intervals,  prints  the 
vehicle  speed  in  miles  per  hour,  accumulated 
mileage  in  three  significant  figures,  time  in 
seconds  for  a  sequence  check,  and  three  sig- 
nificant figures  of  fuel  consumption,  and 
provides  2  decades  of  manual  code.  These 
data  are  shown  in  a  typical  recording  sample 
in  figure  S. 

Figure  '.>  presents  a  block  diagram  illustra- 
tion of  the  traffic  impedance  analyzer  and 
simplifies  the  explanation  of  its  operation. 
As  both  speed  and  delay  studies  and  operating 
economy  studies  require  speed  and  distance 
to  be  recorded  as  a  part  of  the  data,  primary 
consideration  was  given  to  recording  these 
quantities.  The  speedometer  cable  of  standard 
American  automobiles  is  designed  to  make 
1,000  revolutions  per  mile.  On  this  basis  a 
special  digital  tachometer  was  designed  which 
would  provide  direct  speed  and  distance 
outputs.  For  (he  measurement  of  speed,  a 
disc  with  36  holes  near  its  outer  edge  was 
rotated  by  a  shaft  input.  With  a  light  source 
on  one  side  of  the  disc  and  a  photoelectric  cell 
on  the  other,  electronic  pulses  in  direct  repre- 
sentation of  speed  in  miles  per  hour  could  be 
generated  each  one-tenth  second  with  a 
shaft  input  rate  of  1,000  revolutions  per  mile. 
A  second  disc  with  one  hole  near  its  outer 
edge  was   coupled   to  the  first  disc   by  a   10:1 
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Figure  8. — A  typical  recording  sample  fron 
the  traffic  impedance  analyzer. 

gear  reduction  unit.  A  second  photoeleetri 
cell  on  the  outer  side  of  the  second  disc  there] 
fore  generated  an  electronic  pulse  for  eac 
one-hundredth  of  a  mile  of  vehicle  traveij 
The  shaft  input  of  this  digital  tachometer  wa 
coupled  to  the  regular  speedometer  cabl 
of  the  automobile  by  a  1 : 1  geared  "T"  I 
the  speedometer  head. 

The  electronic  pulses  from  the  speed  d( 
tecting  photoelectric  cell  were  connected  t 
the  input  of  an  electronic  counter.  Th 
counter  included  a  quartz  crystal  time  bas 
and  generated  usable  pulses  at  intervals  (| 
y10,  1,  and  10  seconds.  The  /lo-second  pulse 
were  utilized  internally  to  operate  the  cnw\ 
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Figure  7. — Traffic  impedance  analyzer  mounted  on  rear  seat  of  a  passenger  car. 


Figure  9. — Block  diagram  of  the  operatil 
of  the  traffic  impedance  analyzer. 
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ind  stop  gates  so  that  the  number  of  speed 
mlses  for  any  J40-second  period  could  be 
iccurately  counted.  The  1 -second  pulses 
rere  connected  to  the  control  box  and  used  to 
nitiate  a  recording  period.  Therefore,  at  the 
beginning  of  each  second  the  electronic 
ounter  was  reset  and  the  count  gate  opened 
o  accumulate  speed  pulses.  One-tenth  sec- 
nd  later  the  count  Kate  was  closed  and  a 
►tin t  command  recorded  the  speed  of  the 
ehicle  and  all  other  data  which  were  avail- 
ble  at  the  recorder  inputs. 

The  electronic  pulses  from  the  distance- 
etecting  photoelectric  cell  were  connected  to 

decades  of  electronic  counting  in  the  control 
ox  where  they  were  accumulated.  This 
istance  accumulation  was  continually  available 
>r  recording. 

The  traffic,  geometric  design,  control, 
eather,  and  other  pertinent  data  could  be 
oded    by   2   decades   of   push    buttons    which 


would  transfer  as  digits  to  the  recorder  at  any 
printing  cycle. 

( )ne  decade  of  time  counting  was  provided  in 
the  control  box  as  a  printing  sequence  check. 
The  circuitry  also  provided  for  time  counting 
to  be  extended  to  4  decades  as  an  alternative 
to  fuel  recording  when  it  was  more  convenient, 
for  field  observation,  to  have  elapsed  time 
recorded  during  speed  and  delay  studies. 

To  record  fuel  consumption  a  digital  fuel 
meter  was  mounted  on  the  engine  of  the  motor 
vehicle  between  the  fuel  pump  and  carburetor. 
Tlie  digital  fuel  meter   used   in    this  instance 

produced   an    electrical    pulse    for    each     '  L., - 

gallon  of  gasoline  passing  through  it.  These 
pulses  were  accumulated  in  3  decades  of 
electronic  counters  in  the  control  box  so  that 
a  total  of  fuel  consumption  was  available  for 
transfer  to  the  recorder  at  each  print  command. 

The  complete  equipmeni  was  powered  by  a 
l._ .-><)- watt  gasoline-driven  generator  weighing 


85  pounds  which  was  carried  on  a  stain  lard 
roof-mount  luggage  rack.  This  self-contained 
unit  illustrates  the  advantages  of  digital  re- 
cording and  the  possibilities  of  adapting  a 
few  standard  electronic  instruments  to  the 
myriad  data  collecting  problems  encountered 
by  I  he  highway  research  engineer. 

Fully  automatic  data  reduction  can,  of 
course,  be  realized  by  adding  standard  tape 
punch  units  to  the  digital  recorders  discussed 
herein.  The  punched  tape  then  may  be  used 
as  a  computer  input  or  its  data  may  be  auto- 
matically transferred  to  magnetic  tape  or 
punch  cards  as  individual  cases  require.  The 
equipment  to  accomplish  these  processes  are 
available  to  those  who  may  wish  to  extend 
their  systems  to  include  them;  tint,  for  the 
purposes  of  this  article,  it  was  believed  that  a 
simple  introduction  to  digital  recording  would 
better  serve  the  greater  number  of  highway 
engineers. 
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Driver  Tension  Responses 

(Continued  from  /xige  58) 

Not  only  did  the  observation  program 
iminate  temporal  differences,  it  also  elim- 
iated  intensity  differences  within  each  traffic 

ent.  It  was  assumed  that  all  occurrences 
an  event  represented  the  same  stimulus 
tensity.  In  essence,  this  procedure  clim- 
ates within  stimulus  class  variability.  It  is 
rite  obvious  that  the  affective  intensity  of 
i  event  may  be  quite  variable,  depending 
ion  a  variety  of  temporal  and  spatial  factors 

the  environment  as  well  as  perceptual  and 
notional  factors  in  the  driver.  It  should  be 
)vious,  therefore,  that  the  method  used  in 
is  study  oversimplified  the  nature  of  the 
affic  interferences  and  simply  placed  them 
to  1  of  8  qualitative  categories,  none  of 
hich  had  any  measure  of  intensity  attached, 
tnis,  precision  of  stimulus  measurement  was 
crificed  to  obtain  reliability  of  observation. 

Wit  bin  the  limitations  outlined,  this  study 
pcates  that  the  two  arterial  routes  studied 


differ  in  the  rate  and  magnitude  of  galvanic 
skin  response  aroused  in  driving.  The  results, 
in  general,  indicate  that  the  iisk  may  be  a 
promising  means  for  using  driver  behavior  to 
discriminate  between  different  kinds  of  street- 
and  the  interferences  on  them.  There  are, 
however,  several  statistical  and  methodological 
problems  inherent  in  the  use  of  the  <:sr  which 
requires  further  research  and  which,  conse- 
quently, restrict  its  operational  utility  at 
tin'  present  time. 
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Highway  Illumination  and  Delineation 


(Continued  from  pane  66) 

roadside  delineation  with  or  without 
imination,  and  the  need  for  using  adequate 
Density  of  illumination  if  highway  lighting 
to  be  provided.  Above  all,  the  experience 
ined  will  be  most  helpful  in  the  planning 
|d  conducting  of  future  highway  lighting 
search,    even    if    only    in    negative    fashion. 
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It  appears  that  criteria  oilier  than  those 
used  in  this  report  must  be  studied  to  evaluate 
properly  the  effect  of  highway  lighting  on 
traffic  operations. 

Editor's  note:  The  detailed  tables  containing 
the  schedule  of  field  operations  and  the 
average    speeds,    placements,    headways,    and 


clearances  for  all  motor  vehicles  under  the 
nine  conditions  of  illumination  and  delinea- 
tion, are  not  published  here  since  t  hey  pre- 
sumably are  not  of  interest  except  to 
researchers  in  this  subject.  Copies  of  the 
tables  are  available  to  those  who  may  have 
specific  use  for  them  from  the  Division  of 
Traffic  Operations,  Bureau  of  Public  Roads, 
Washington  25.  D.C. 
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Introduction  to  Highway  Hydraulics:  A  Motion  Picture 


The  Bureau  of  Public  Roads,  U.S.  Depart- 
ment of  Commerce,  in  cooperation  with  the 
Colorado  State  University,  recently  produced 
the  motion  picture,  Introduction  to  highway 
hydraulics.  This  film  illustrates  basic  hy- 
draulic principles  related  to  open-channel  flow 
design  in  highway  engineering. 

Flow  illustrations  of  the  hydraulic  principles 
are  shown  by  laboratory  models  and  field 
scenes.  Various  scenes  depict  the  principles 
of  continuity  of  flow,  energy,  and  momentum, 
which  are  the  basic  laws  governing  any  open- 


channel  flow  problems.  Use  is  made  of  field 
scenes  to  illustrate  where  the  principles  apply 
in  highway  engineering. 

Introduction  to  highway  hydraulics  is  a  16mm. 
sound  and  color  film  with  a  running  time  of  21 
minutes.  Prints  may  be  borrowed  for  show- 
ing by  any  responsible  organization  by  request 
addressed  to  Mr.  Ray  B.  Dame,  Head,  Photo- 
graphic Section,  Bureau  of  Public  Roads, 
Washington  25,  D.C.  There  is  no  charge 
other  than  for  express  or  postage  fees.  Re- 
quest should  be  sent  well  in  advance  of  the 


desired  showing,  and  alternate  dates  indicate 
if  possible.  Immediate  return  after  eac 
booking  is  necessary,  so  that  all  requests  ma 
be  fulfilled. 

Prints  of  the  film  may  be  purchased  jj 
$86.47  per  copy,  the  price  including  film,  ret 
can,  shipping  container  and  postage  withi 
the  United  States.  Inquiries  on  purchasini 
film  prints  should  also  be  addressed  to  Mr.  Ra 
B.  Dame,  Head,  Photographic  Section,  Bi 
reau  of  Public  Roads,  Washington  25,  D.( 
Payment  should  not  be  sent  with  the  inquiry 
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Properties  of  Highway  Asphalts— Part  II 
Various  Penetration  Grades 


Y  THE  DIVISION  OF  PHYSICAL  RESEARCH 
UREAU  OF  PUBLIC  ROADS 


Reported1  by  J.  YORK   WELBORN,  Chief, 

Bituminous  and  Chemical  Branch, 

WOODROW  J.  HALSTEAD,  Head, 

Bituminous  Materials  and  Chemical  Section, 

and  J.  GAYLOID  BOONE,  Analytical  Chemist 


This  article  is  the  second  in  a  general  study  of  asphalt  cements  produced 
in  the  United  States  for  highway  construction.  A  total  of  323  samples  from 
105  refineries  tcere  received  and  tested.  Results  of  the  tests  on  146  samples 
of  the  85-100  penetration  grade  were  reported  in  the  first  article,  part  1. 2  This 
article,  part  II,  includes  the  results  of  the  tests  on  the  other  penetration 
grades — namely,  the  60—70  grade  asphalts,  the  70-85  grade,  120-150  grade,  and 
150-200  grade  asphalts.  Comparisons  of  the  characteristics  of  several  grades 
including  the  85-100  grade  reported  in  part  I  are  also  included. 

These  data  establish  the  range  for  test  values  that  may  be  expected  for 
asphalts  on  a  nationwide  basis.  The  significance  of  the  ivide  differences  existing 
in  materials  meeting  the  same  specifications,  and  the  need  for  further  research 
to  establish  more  adequate  test  methods  and  specifications,  are  discussed  in 
the  article. 


N  1954,  a  comprehensive  study  of  asphalts 
was  undertaken  by  the  Division  of  Physical 
search  to  provide  current  data  on  a  national 
ale  that  would  show  the  properties  of  asphalt 
oduced  from  the  various  crude  sources  and 

the  different  methods  of  refining  in  current 
e  in  the  United  States.  The  samples  were 
tained  by  the  regional  offices  of  the  Bureau 
Public  Roads  with  the  full  cooperation  of 
s  States  and  refineries  in  each  area  of  the 
,tion. 

Nearly  all  producers  supplying  asphalt  for 
study  included  samples  in  the  85-100 
netration  grade.  Since  this  group  was 
nsidered  the  most  representative  of  all 
phalt  cements  produced  and  used,  it  was 
lected  for  the  initial  study.  The  results  of 
ose  tests  were  reported  in  Public  Roads 

part    I    of    the    extensive    study.2      This 
tide,  part  II,  presents  the  results  of  the  tests 

de  on  the  other  penetration  grades. 
A  total  of  323  samples  were  received  during 
54  and  1955  from  105  refineries  or  storage 
minals.  Of  these,  146  were  in  the  85-100 
netration  grade  which  was  reported  in 
rt  I.  This  report  includes  the  results  of 
ts  on  the  following  asphalt  cements:  60-70 
ide,  58  samples;  70-85  grade,  30;  120- 
0  grade,  60;  and  150-200  grade,  16  samples. 
It  may  be  noted  that  the  numbers  of 
tnples  tested  in  each  grade  differ  slightlj 
>m  the  numbers  given  in  the  first  report. 

This  article  was  presented  at  the  Association  of  Asphalt 
fing  Technologists,  Memphis,  Term.,  January  1960. 
Properties  of  highway  asphalts— part  I,  85-100  penetration 
de,  J.  York  Welborn  and  Woodrow  J.  Halstead,  Public 
'ADS,  Vol.  30,  No.  9,  Aug.  1959,  pp.  197-207. 
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This  is  due  to  the  elimination  of  a  few  samples 
because  of  the  lack  of  proper  identification 
of  their  origin.  Also,  since  only  7  samples  of 
the  100-120  grade  were  received,  they  have 
been  omitted  from  the  discussion. 

Data  in  this  report,  as  in  the  earlier  report, 
include  only  those  test  characteristics  in 
general  use  as  specification  requirements  or 
those  that  are  being  used  by  some  agencies  in 
an  effort  to  obtain  better  materials.  All 
testing  was  performed  according  to  ASTM  or 
AASHO  standard  methods  of  test. 

Tables  1  through  4  show  the  results  of  the 
tests  for  the  60-70,  70-85,  120-150,  and 
150-200  penetration  grades,  respectively.  In 
each  table  refineries  are  identified  by  code 
number,  the  same  number  applying  to  the 
same  refinery  for  all  grades.  To  avoid  possible 
confusion  in  sample  identification  all  samples 
are  numbered  consecutively  beginning  at  120. 
Numbers  1-119  were  those  used  for  the  85-100 
grade  reported  in  part  I. 

Tables  1  through  4  also  include  information 
on  the  crude  source  and  method  of  refining 
used  to  produce  the  asphalt  cements.  Although 
in  many  cases  more  precise  information  as 
to  the  geographical  location  of  the  crude 
sources  and  details  of  methods  of  refining  were 
provided,  only  general  terms  are  given  in 
this  report. 

The  85-100  grade  materials  reported  pre- 
viously represent  the  majority  of  the  samples 
submitted  and  is  the  grade  most  widely 
produced  and  used.  In  the  earlier  report  of 
this  penetration  grade,  frequency  distribution 
graphs  in  the  form  of  frequency  polygons  were 
used  to  show  the  range  in  properties.     This 


report,  part  II,  presents  the  data  in  a  similar 
manner  and  directly  compares  the  test  results 
for  the  60-70,  85-100,  and  120-150  penetration 
grades.  Since  the  number  of  asphalts  received 
varied  for  the  different  grades,  the  percent 
of  samples  was  used  for  the  unit  of  the  vertical 
axis  rather  than  the  actual  number  of  samples. 
The  percentages  of  values  in  each  class  interval 
were  then  plotted  at  the  midpoint  of  the 
respective  class  interval  and  connected  to  form 
the  polygon.  Values  exactly  equal  to  the  limit 
dividing  two  class  intervals  are  included 
with  the  upper  interval.  Where  they  are 
believed  to  be  significant,  median  values  for 
the  test  results  are  shown  on  the  graphs  for 
purposes  of  comparison. 

The  data  used  for  the  graphs  are  the  test 
values  given  in  table  1  (for  47  of  the  60-70 
asphalts),  table  3  (for  56  of  the  120-150 
asphalts),  and  table  1  of  part  I  (for  119  sam- 
ples ofN  85-100  penetration  grade  asphalts). 
Sample  identification  numbers  appearing  in 
tables  1  and  3  having  a  suffix  a,  b,  or  x  repre- 
sent duplications  of  materials  from  the  same 
refinery  and  the  tests  values  for  these  ma- 
terials were  not  included  in  the  analysis.  It 
is  recognized  that  the  difference  in  representa- 
tion of  the  number  and  source  of  samples  in 
each  grade  may  have  some  influence  on  the 
distribution  polygons.  However,  since  the 
samples  were  submitted  as  being  representa- 
tive of  the  asphalts  used  in  the  various  States, 
the  graphs  should  be  generally  indicative  of 
properties  of  the  available  asphalts  of  these 
grades.  Because  the  number  of  samples 
tested  in  the  70-85  grade  and  the  150-200 
grade  are  limited  and  represent  only  a  rela- 
tively small  portion  of  the  asphalts  used  in 
only  a  few  areas  of  the  Nation,  they  are  not 
included  in  this  analysis.  However,  the  tesl 
data  given  in  tables  2  and  4  should  be  of 
interest  in  those  areas  where  such  asphalts 
are  used. 

In  order  to  obtain  a  direct  comparison  of 
the  properties  of  the  asphalt  cements  of  differ- 
ent penetration  grades  from  the  same  refinery 
source,  some  of  the  test  data  shown  in  tables 
1-4  of  this  report  and  in  table  1  of  part  I  are 
repeated  in  table  5.  The  samples  selected  for 
this  comparison  are  asphalt  cements  of  three 
or  more  grades  refined  from  the  same  crude 
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Table  5. — Test  characteristics  of  asphalts  of  different  grades  from  same  refinery  source 


Sample 

identifi- 

Grade 

cation  ' 

127 

(1) 

60-70 

13 

8,5-100 

200 

120-150 

128 

(3) 

60-70 

14 

85-100 

201 

120  150 

153 

(7) 

60-70 

169 

70-85 

67 

85-100 

224 

120-150 

141 

(8) 

60-70 

170 

70  85 

38 

85  Kin 

JUS 

120-150 

129 

(9) 

60-70 

IS 

8,5-100 

202 

120-150 

130 

(14) 

60-70 

17 
203 

85-100 
120-150 

131 

(17) 

60-70 

18 
204 

85-100 
120-150 

121 

(22) 

60-70 

3 

85-100 

196 

120-150 

154 

(23) 

60-70 

69 

».-,    Hill 

226 

120-150 

155 

(27) 

60-70 

70 

v,    Hill 

227 

120  150 

122 

(30) 

60-70 

6 

s.-i    ll III 

198 

150-200 

138 

(33) 

60-70 

27 

85-100 

255 

150-200 

156 

(35) 

60-70 

73 

85-100 

228 

120-150 

157 

(41) 

60-70 

74 

85-100 

229 

120-150 

159 

(48) 

60-70 

76 

85-100 

231 

120-150 

160 

(49) 

60-70 

77 

8.5-100 

232 

120-150 

161 

(54) 

60-70 

78 

85-100 

233 

120-150 

162 

(57) 

60-70 

79 

85-100 

234 

120-150 

146 

(59) 

60-70 

47a 

85-100 

211a 

120-150 

163 

(65) 

60-70 

80 

V,    Hill 

235 

120-150 

147 

(67) 

60-70 

179 

70-85 

50 

85-100 

214 

120-150 

124 

(77) 

60-70 

y 

85-100 

199 

120-150 

164 

(87) 

60-70 

23 

85-100 

238 

120-150 

150 

(89) 

60-70 

183 

70-85 

53 

85-100 

215 

120-150 

165 

(104) 

60-70 

87 

;-,;,  inn 

242 

120-150 

166 

(111) 

60-70 

195 

70-85 

89 

85-100 

244 

120-150 

Source  of  crude 


Method  of 
refining  2 


Penetration 


100  g„ 

5  sec.  at 
77°  F. 


Pene- 
tration 
ratio, 
39.2°/ 
77°  F. 


Ductility 


5  cm.  per 
minute 
at  77°  F. 


1  cm.  per 

minute 

at  39.2° 

F. 


Soften- 
ing 
point 


Furol 
viscos- 
ity at 

at 
275°  F. 


Specific 
gravity 

at 
77°  F. 


Flash  point 


Pensky- 

Martens 

closed 

cup 


Cleve- 
land 
open 
cup 


Thin-film  oven  test,  Ji-inch  film  at 
325°  F.,  5  hours 


Loss3 


Tests  on  residue 


Soften- 
ing 
point 


Ductil- 
ity, 5  cm. 
permin., 
at  77°  F. 


Venezuela. 
Venezuela. 


V,  S. 
V,  s. 
v,  s. 
v,  s. 
Vs. 
V,  s. 


Texas. 


■Midcontinent. 


V 

V 

V 

V 

V,  o. 
v,  o. 
V,  o. 
V,  o. 


Venezuela. 


Mexico. 


Texas.. 

Midcontinent. 


V,  S_— . 
V,  S.... 

V.  S.  .. 

v,  s,  o. 

V,  s 

V,  s.... 


■Colombia - 


Venezuela. 


V,  S. 
V,  S. 
V.  s 


Texas. 
....do. 


V,  S 

V,  8 

V,  S 

P,  0_... 
V,  P,  o. 
P,  O.... 


Oklahoma. 
Arkansas  __ 


V,  O 

V,  o 

V,  o 

V,  S,  B,  0. 
V,  S,  B,  O. 
V,  s 


Mississippi 

I  Gulf  Coast,  Midcon- 
I    tinent. 


Texas,  Wyoming. 
Mississippi 


S 

S__ 

s 

V,  p,  o.._. 

V,  P,  O,  B. 
V,  O.  B.... 


s,o. 

S,  0. 

Is,  o. 

(I:::: 

[S,  B. 


Texas. 


Venezuela  and  Texas. 


Gulf  Coast. 


•Midcontinent. 


V,  0.__. 
V,  0.... 
V,  O,  B. 
V,  0.... 

S,  V,  o. 
S,  V,  o. 

S,  V 


v.... 

v.... 
v.... 
V,  o. 
V,  o. 
V,  o. 
V,  o. 


Oklahoma 
Arkansas. 


V,  S. 
V,  S. 
V,  S. 

V,  s. 
V,  s. 
V,  s. 
V,  s. 


142 
60 
92 

127 

67 
66 
90 

121 
67 
73 
90 

152 


135 
60 
93 

128 

61 
87 

126 
57 
87 

135 

63 
87 

126 
60 
87 

127 


132 
59 
93 

181 


140 
61 
94 

130 


93 
141 

59 
94 
140 

62 
92 
125 

68 


121 
62 
90 

127 

59 
64 
98 

138 
64 
93 

128 

62 
81 

128 
60 
69 
86 

117 

61 
88 
120 
53 
73 


36 
36 
39 
42 
35 
36 

39 
39 
38 
36 
37 
38 
36 
26 

36 
35 
40 
33 
37 
37 

52 
46 
40 
44 
45 
45 

25 
23 
29 
37 
32 
29 

34 
35 
34 
38 
37 
39 

40 
35 
41 
30 
23 
22 

61 
52 
48 
47 
37 
34 

55 
52 
54 
35 
26 
34 

38 
32 

35 
42 

52 


31 
33 
30 
26 
39 
38 
33 

42 
46 
34 
42 
45 
40 
35 

43 
39 
37 
45 
40 
34 
40 


Cm. 

250+ 

175 

162 

250+ 

185 

182 

203 
243 
201 
170 

87 
111 

170 


215 

189 

185 

250+ 

196 

172 

61 
116 
145 

250+ 

248 

184 

212 
112 

118 
250+ 
150 
150 

187 
180 
132 

250+ 

195 

119 

170 
234 
154 

250+ 
250+ 
126 

62 
107 
195 
237 
213 
142 

142 
139 
177 
210 
145 
109 

133 
202 
141 
172 
180 
166 

228 
192 
140 
124 
228 
150 
141 

209 
190 
157 
223 
167 
151 
128 

242 
166 
158 
204 
237 
138 
170 


Cm. 

9.8 

18.3 

173 

8.5 

20.5 

250+ 

8.3 
8.3 
20.8 
135 
3.8 
5.8 
6.3 
10.0 

24.0 

33.5 
173 

10.5 

63 
250+ 

4.5 
7.3 
15.5 
11.3 

51.5 
250+ 

6.0 
12.5 
68.5 
5.8 
6.8 
14.3 

10.0 
30.5 

124 
9.5 
88 

200+ 

6.5 

10.3 

26.5 

7.3 

4.3 

94 

5.3 
7.5 
20.3 
5.3 
9.8 
250+ 

5.5 
9.3 
20.5 
4,8 
6.0 
9.3 

6.5 
24.0 
67.5 

5.8 
17.0 
34.5 

4.8 
6.3 
8.0 

45.0 
8.0 

22.3 
182 

8.5 
11.3 

144 
6.3 
7.5 
7.3 
75.5 


12.3 
19.8 
7.5 
20.8 
11.0 
99.0 


"  F. 
122 
120 
110 
125 
117 
111 

125 
125 
122 
112 
129 
123 
120 
108 

126 
118 
111 
122 
116 
108 

135 
124 
112 
128 
121 
113 

122 
116 

109 
124 
120 
109 

121 
115 
His 
124 
113 
104 

125 
116 
113 
120 
117 
109 

134 
125 
113 
128 
117 
109 

131 

122 
116 
124 
118 
109 

123 
118 
111 
129 
114 
114 

123 
119 
114 
113 
122 
116 
110 

121 
119 
110 
127 
123 
119 
113 

127 
118 
Jll 
127 
120 
116 
110 


Sec. 
358 
255 
175 
346 
232 
158 

288 
266 
243 
187 
236 
175 
189 
105 

347 
249 
231 
213 
166 
125 

337 
239 
163 
431 
318 
250 

144 
120 
86 
253 
208 
150 

247 
200 
156 
272 
153 
122 

343 

239 
156 
210 
263 
167 

373 

257 
165 
356 
238 
174 

379 
240 
180 
165 
123 
95 

195 
160 
122 
366 
246 
186 

185 
176 
135 
107 
295 
198 
152 

245 
198 
169 
268 
253 
195 
135 

256 
180 
136 
337 
249 
236 
181 


1.035 
1.033 
1.030 
1.033 
1.030 
1.026 

1.033 

1.038 
1.029 
1.024 


1.000 
.992 

1.038 
1.036 
1.030 
1.024 
1.022 
1.020 

.993 
.992 
.989 
1.039 
1.037 
1.034 

1.033 
1.029 
1.023 
1.005 
1.005 
1.000 

1.011 
1.005 
.999 
1.1124 
1.025 
1.015 

1.030 
1.025 
1.021 
.999 
1.005 


1.003 
1.002 
1.001 
1.017 
1.016 
1.013 

1.034 
1 .  030 
1.026 
1.006 
1.001 
.995 

1.029 
1.021 
1.018 
1.032 
1.030 
1.025 

1.017 
1.016 
1.015 
1.010 
1.021 
1.022 
1.018 

1.034 
1.016 

1.020 
1.000 
.994 
.995 
.993 

1.016 
1.012 
1.010 
1.027 
1.024 
1.021 
1.020 


0  F. 

495 
480 
455 
475 
440 
425 

480 
475 
460 
500 
515 
540 
510 
510 

455 
420 
420 
500 
535 
495 

415 
425 
410 
480 
445 
430 

530 

535 
500 
535 
570 
445 

500 
525 
500 
495 
495 
495 

550 
465 
520 
575 
525 
535 

400 
425 
430 
560 
550 
580 

495 
400 
415 
515 
485 
485 

500 
515 
500 
475 
445 
410 

505 
480 
435 
440 
435 
415 
405 

535 
530 
540 
540 
540 
545 
545 

475 
515 
4SS 
540 
540 
560 
550 


°  F. 
540 
530 
490 
515 
490 
475 

585 
570 
575 
580 
640 

625 

605 
655 

505 
490 
5(10 
575 
565 
550 

625 
630 
640 
545 
500 
495 

600 
585 
570 
630 
635 
655 

640 
580 
635 

580 
545 
545 

615 
625 
585 
650 
640 
645 

485 
475 
485 
630 
635 
630 

525 
490 
500 
605 
565 
585 

580 
575 
560 
520 
520 
510 

610 
600 
610 
605 
580 
540 
530 

600 
585 
590 
650 
630 
635 
630 

565 
570 
560 
630 
630 
660 
650 


Pet. 

0.05 
.18 
.54 
.36 
.70 

1.10 

.07 
.21 
.08 
.02 
.02 
.03 
.00 
.04 

.46 
.64 
1.18 
.00 
+.04 
.10 


.08 
.02 
.29 
.55 
.93 

.04 
+.02 

.01 
+  .01 
+.03 

.09 

+  .07 

+.10 

+  .06 

.  10 

.13 

.  12 

+.09 
.05 
+.04 
+.09 
+.03 
+.06 

.68 
.70 
.74 

+.06 
.06 

+.12 

.25 
.42 
.63 
.12 
.20 
.15 

.06 
.03 
.04 
.17 
.20 
.41 

.10 
.08 
.09 
.10 
.45 
.50 
.73 

+.02 
.04 
.04 
+.05 
+.01 
+.03 
+.02 

.03 
+.05 
.01 
.01 
+  02 
.09 
.00 


°  F. 
133 
132 
123 
139 
130 
123 

132 
133 
129 
122 
137 
130 
129 
115 

137 
132 
123 
131 
123 
117 

146 
135 
123 
140 
134 
129 

127 
125 
118 
131 
127 
118 

129 
122 
114 
132 
123 
115 

135 
125 
124 
124 
127 
113 

147 
138 
127 
137 
124 
117 

144 
138 
133 
129 
127 
122 

133 
126 
119 
142 
128 
127 

130 
127 
125 
117 
135 
130 
119 

134 
127 
119 
133 
133 
126 
122 

130 
128 
122 
134 
127 
124 
116 


Cm. 
183 
175 
190 
140 
182 
192 

203 

250+ 

192 

182 

44 

58 
120 
126 

113 

176 

213 

250+ 

205 

227 

11 

29 
114 
100 
138 
235 

176 
178 
120 
181 

250+ 
154 

250+ 

250+ 

120 

250+ 

221 

175 

64 
209 
109 
245 
181 
145 

10 

20 

91 

54 
185 
175 

37 

36 

90 
165 
114 

93 

188 
190 
191 
65 
102 
111 

248 

250+ 

166 

163 

162 

226 

229 

131 

208 

250+ 

208 

146 

15H 

125 

74 
162 
195 
181 
250+ 
160 
169 


'  Numbers  in  parentheses  indicate  refinery  code  number.        •'  V  =  vacuum  distillation.  S  =  steam  distillation,  0  =  blowing  (oxidation),  B  =  blending  (different  grades  of  asphalt),  P=f 
pane  fractionation,  and  F  =  fluxing  (heavy  oils).        s  pius  values  represent  gains  rather  than  losses. 
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Figure  1. — Distribution  of  penetration. 
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Figure  2. — Distribution  of  s  peri  fir  gravity. 


60-70  asphalts  had  penetration  values  of  less 
i  !ii  n  60;  none  exceeded  the  upper  limit  of  70. 
In  part  I,  12  samples,  or  approximately  10 
percent,  of  the  85-100  grade  had  values  below 
85;  and,  there  also,  none  exceeded  the  upper 
limit  of  100.  Of  the  56  asphalts  of  the 
120-150  grade,  1  sample  was  less  than  120 
and  3  exceeded  150,  which  constituted  about 
7  percent  of  the  samples.  There  is  a  general 
trend  for  the  median  value  for  all  of  these 
grades  to  approach  the  lower  limit  of  the 
specification  rather  than  the  upper.  The 
medians  were  62,  89,  and  130  for  the  respec- 
tive grades. 

Specific  gravity  at  77°  F. 

The  specific  gravity  of  asphalt  cements  is 
seldom  used  as  a  specification  requirement, 
but  it  is  often  needed  to  establish  design  cri- 
teria for  bituminous  mixtures.  It  may  also 
be  used  to  control  the  uniformity  of  the  supply 
of  asphalt  from  a  refinery  for  a  specific 
project.  The  general  distribution  data  plot- 
ted  in  figure  2,  indicate  that  the  differences  in 
the  overall  range  of  specific  gravities  for  the 
three  grades  were  not  significant.  The  effect 
of  penetration  on  specific  gravity  is  better 
illustrated  in  figure  3  where  some  of  the  data 
given  in  table  5  are  plotted  to  show  the 
relation  between  these  characteristics  for  the 
various  grades  of  asphalt  from  the  same 
sources.  These  graphs  also  show  that  for 
materials  from  the  same  source  the    specific 


mrce  or  combination  of  sources  by  a  specific 
finery  and  are  assumed  to  represent  con- 
lrrent  production. 

Results  of  Tests 

The  following  discussion  of  the  frequency 
stribution  graphs  for  the  60-70,  85-100,  and 
20-150  penetration  grades  points  out  the 
nge  and  variations  in  some  of  the  test 
laracteristics.  The  relation  of  the  penetra- 
on  grades  to  the  changes  in  some  of  the  test 
laracteristics  are  also  discussed. 

jnetration  at  77°  F. 

Figure  1  shows  the  range  and  distribution 

the  results  of  the  penetration  test  at  77°  F. 

ir  the  three  grades.     Thirteen,  or  approxi- 

ately  28  percent,  of  the  47  samples  of  the 
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Figure  4. — Distribution  of  softening  points. 
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igure  3. — Relation  of  penetration  at  77°  F. 
to  specific  gravity  at  77°  F. 
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Figure  5. — Relation  of  penetration  at  77°  F.   to  softening 
poin  t . 
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Figure  6. — Distribution  of  Furol  viscosity. 
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Figure  8. — Distribution  of  penetration  ratios. 


gravity  decreased  slightly  as  the  penetration 
increased.  (Note:  The  numbers  in  paren- 
theses shown  in  this  figure  and  subsequent 
figures  illustrating  the  relation  of  penetration 
to  other  properties  are  the  refinery  code 
numbers.) 

Softening  point 

Figure  4  shows  that  there  was  considerable 
overlapping  of  values  of  softening  point  for 
the  asphalts  of  the  60-70,  85-100,  and  120-150 
grades  but  there  was  a  definite  difference  in 
the  point  at  which  the  peak  occurred  for  each 
grade.  The  values  of  the  medians  were  125°, 
117°,  and  110°  F.  for  the  three  grades.  Data 
selected  from  table  5  and  plotted  in  figure  5 
illustrate  the  relation  between  softening 
point  and  penetration  for  different  grades 
from  the  same  refinery.  It  will  be  noted  that 
the  differences  between  values  for  different 
grades  from  the  same  source  are  essentially 
the  same  as  the  differences  in  the  median 
values  for  all  asphalts  in  each  grade. 

Furol  viscosity  at  275°  F. 

There  was  considerable  overlapping  of 
values  for  the  Furol  viscosity  of  the  three 
penetration  grades,  as  shown  in  figure  0. 
However,  there  was  a  distinct  difference  in 
the  median  values  for  the  three  grades — 
being  277  seconds,  200  seconds,  and  146 
seconds  for  the  60-70,  85-100,  and  120-150 
grades.  The  ranges  in  viscosity  values  for 
the  three  penetration  grades  were  144  to  431, 
85  to  318,  and  71  to  250  seconds,  respectively. 

The  relation  of  penetration  at  77°  F.  to 
Furol  viscosity  at  275°  F.  for  asphalts  of  the 
different   penetration    grades    from    the    same 
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Figure  7. — Relation  of  penetration  at  77°  F. 
to  Furol  viscosity  at  275°  F. 
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sources  are  illustrated  in  figure  7.  The  upper 
and  lower  lines  represent  the  extreme  vis- 
cosities for  the  asphalts.  The  upper  line 
shows  the  penetration-viscosity  relation  for 
the  three  grades  of  asphalt  refined  from  a 
Mexican  crude  by  refinery  22.  The  asphalts 
from  refinery  23  had  the  lowest  viscosity  for 
equivalent  penetration  of  those  represented 
by  three  or  more  grades  given  in  table  5  but 
there  were  a  few  asphalts  from  other  sources 
that  had  lower  viscosities.  The  two  asphalts 
refined  from  a  California  crude  by  refinery  66 
had  the  lowest  Furol  viscosity  for  equivalent 
penetration  for  all  the  materials  tested  and 
therefore  they  were  used  to  establish  the 
lower  viscosity  line.  Other  penetration- 
viscosity  relations  shown  are  believed  gen- 
erally typical  of  materials  from  other  sources. 
The  data  selected  for  presentation  in 
figure  7  generally  fall  into  a  straight  line,  but 
it  should  be  noted  that  some  of  the  asphalts 
of  different  grades  from  the  same  refinery 
did  not  show  this  straight-line  relation.  It  was 
also  not  possible  to  determine  from  the  data 
the  extent  to  which  the  linear  relation  would 
be  applicable  to  softer  or  harder  materials 
than  those  tested.  However,  the  data  serve 
to  show  the  wide  difference  in  the  high  tem- 
perature viscosities  of  asphalts  of  the  same 
grade.  The  significance  of  these  differences 
are  discussed  later. 

Penetration  ratio 

Values  for  the  ratio  of  the  penetration  at 
39.2°  F.,  200  g.,  60  sec,  to  the  penetration 
at  77°  F.,  100  g.,  5  sec,  as  shown  in  figure  8, 
did  not  vary  significantly  for  the  85-100  and 
120-150  grades.  The  minimum^and  maximum 
values  and  the  relative  position  of  the  distri- 
bution curve  for  the  60-70  asphalts  indicated 
slightly  higher  penetration  ratios  than  for 
the  85-100  and  120-150  asphalts. 

Figure  9  illustrates  the  relation  of  the 
penetration  at  77°  F.  to  the  penetration 
ratio  for  asphalts  of  different  grades  from  the 
same  refinery  source.  Some  series  of  asphalts 
from  the  same  source  showed  little  change  in 
penetration  ratio  for  different  grades.  Others 
showed  a  decrease  in  penetration  ratio  with 
increase  in  penetration,  while  still  other 
results  were  quite  erratic  and  no  uniform 
trend  could  be  determined.  In  some  cases 
this  could  have  been  attributed  to  the  greater 
amount  of  blowing  to  reduce  the  lower  pene- 
tration materials  to  grade. 


A  relation  between  the  Furol  ^viscosity  at 
275°  F.  and  the  penetration  ratio  might  be  ex. 
pected  since  both  values  are  assumed  to  be 
dependent  on  the  viscosity-temperature  rela- 
tionship of  the  asphalt.  However,  when  as- 
phalts of  different  grades  and  sources  were 
compared,  no  definite  trend  was  established. 
This  could  have  been  attributable  to  differ- 
ences in  the  plastic  flow  properties  of  various 
materials,  or  possibly  due  to  the  empirical! 
nature  of  the  penetration  ratio. 

Ductility  at  77°  F.,  5  cm.  per  minute 

Because  of  the  influence  of  consistency,  it  iij 
difficult  to  evaluate  trends  in  the  ductilitj 
results  for  asphalts  from  different  penetratioi 
grades.  Figure  10  shows  that  38  percent  o 
the  60-70  asphalts  and  6  percent  of  the  85- 
100  samples  had  ductility  values  greate ; 
than  250  cm.,  the  capacity  of  the  ductilit; 
machine.  All  of  the  120-150  grade  material 
had  values  less  than  250  cm.  Even  thougl 
more  60-70  asphalts  exceeded  250  cm.  thai 
the  other  grades,  there  were  also  a  greatei 
number  of  samples  of  this  grade  that  hai< 
ductility  values  less  than  100  cm.,  the  mini 
mum  requirement  most  commonly  foua 
in  specifications. 

Ductility  at  39.2°  F. 

The  frequency  distribution  for  the  ductilir 
at  39.2°  F.,  1  cm.  per  minute  is  shown  i 
figure  11.  While  there  was  similarity  in  t! 
polygons  for  the  60-70  and  85-100  grade! 
the  polygon  for  the  120-150  grade  wt' 
radically  different.  The  ductility  rangi 
were  2.8  to  24.0  cm.  for  the  60-70  grade,  3 
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Figure  9. — Relation  of  penetration  at  77° 
to  penetration  ratio. 
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Figure  10. — Distribution  of  ductility. 
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250+  cm.  for  85-100  grade,  and  6.3  to 
50+  cm.  for  the  120-150  grade.  The 
ercentage  of  samples  that  had  ductilities 
;ss  than  10  cm.  were  69  for  the  60-70,  47 
pr  the  85-100,  and  4  for  the  120-150 
sphalts. 

While    it    has    been    established    that    the 

uctilities  of  asphalts  from  different  sources 

nd  methods  of  refining  vary  greatly,  it  also 

as    been    established    that    consistency    as 

measured  by   penetration   has   a  pronounced 

■ffect  on  ductility  values  at  low  temperatures. 

fl^he  influence  of  penetration  on  ductility  at 

fl9.2°    F.   and   variability   in   ductility   of  as- 

(lhalts  from  different  sources  is  illustrated  in 
Igure  12.  The  wide  difference  in  the  ductili- 
Bies  of  asphalts  from  various  sources  when 
Bompared  on  an  equipenetration  basis  as  well 
fls  the  large  decrease  in  ductility  with  de- 
crease in  penetration  for  materials  from  the 
.flame  source  are  shown. 

■  lash  points 

*  Figures  13  and  14  respectively,  show  the 
l.istribution  of  flash  points  determined  by  the 
I'ensky-Martens  closed  cup  and  the  Cleveland 
I'pen    cup   apparatus.     Very   little    difference 
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was  apparent  between  the  results  of  flash 
points  of  the  85-100  and  120-150  grades,  but 
the  shift  toward  higher  values  for  the  60-70 
grade  was  appreciable.  The  relation  between 
the  results  for  the  closed  cup  and  open  cup 
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apparatus  showed  the  same  erratic  pattern 
for  the  60-70  and  120-150  grades  as  was 
noted  for  the  85-100  penetration  asphalts. 
Also,  there  were  no  consistent  trends  indicated 
from  the  data  in  table  5  for  asphalts  of 
different  grades  from  the  same  source.  In  a 
few  samples  there  was  a  decrease  in  flash 
point,  with  increase  in  penetration  but  in 
other  samples  this  result  was  not  evident. 

Thin-film  oven  test,  loss  in  weight 

The  change  in  weight  during  the  heating 
of  the  asphalts  in  the  %-inch  film  for  5  hours 
at  325°  F.  is  shown  in  figure  15.  The  posi- 
tive values  on  the  horizontal  axis  indicate  a 
gain  in  weight  and  the  negative  values 
indicate  a  loss.  Eighty-five  percent  of  the 
60-70  asphalts,  65  percent  of  the  85-100,  and 
66  percent  of  the  120-150  grade  materials  had 
slight  gains  or  losses  in  weight  less  than  0.20 
percent.  Although  not  shown,  the  median 
\  alues  for  the  three  grades  were  approximately 
the  same.  The  most  significant  fact  shown 
is  that  there  were  some  asphalts  of  all  three 
grades  that  had  relatively  high  loss  in  weight. 

Two  percent  of  the  60-70  grade  samples,  1 3 
percent  of  the  85-100  grade  samples,  and  21 
percent  of  the  120-150  grade  samples  had 
losses  greater  than  0.50  percent.  However, 
where  series  of  asphalts  of  different  penetration 
grades  from  the  various  sources  were  compared 
the  trend  for  higher  losses  in  higher  penetra- 
tion asphalts  was  not  consistent.  This  is 
evident  in  figure  16  where  the  change  in 
weight  is  plotted  against  penetration  for  the 
different  grades  from  the  same  source.  It-  is 
of  interest  to  note  the  two  distinctive  patterns 
of  behavior.  Generally,  the  materials  that 
had  significant  losses  showed  a  very  definite 
trend  toward  higher  loss  for  the  increasing 
penetration,  the  relation  being  essentially 
linear.  However,  where  a  refinery  produced 
asphalts  with  very  little  losses  or  with  gains 
in  weights,  variation  with  grade  was  erratic 
and  of  little  significance.  The  major  excep- 
tion to  this  trend  was  found  in  the  analysis 
of  the  asphalts  from  refinery  48.  The  60-70 
grade  asphalt  from  this  refinery  had  a  fairly 
high  loss  and  the  loss  increased  only  slightly 
for  the  85-100  and  120-150  penetration  grades. 
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Figure  12.— Relation  of  penetration  at  77°  F.  and  39.2°  F.  to  ductility  at  39.2°  F. 


81 


o 
cr 


3  0 


20 


0 
300 


350  400  450  500  550  600  65 

FLASH  POINT,  PENSKY  MARTENS,  CLOSED  CUP 


0 
350 


be" 

\ 
\ 

60-70 
GRADE 

k 
\ 

1 

20-150 
GRADE 

J^ 

'  / 

1/ 
> 

> 

\ 

85-100            /         / 
GRADE          /           / 

-  -*-!■ — fC- — " 

Figure  13. — Distribution  of  flash  points  (closed  cup). 
Retained  penetration,  thin-film  oven  test  Duetility  of  thin-film  residues 


400  450  500  550  600  650  700 

FLASH  POINT,  CLEVELAND   OPEN  CUP,  °F 

Figure  14. — Distribution  of  flash  points  (open  cup). 


7  50 


In  conjunction  with  the  comparisons  of 
loss  in  weight  in  the  thin-film  tests,  there 
also  was  a  significant  difference  in  the  per- 
centage of  the  original  penetration  retained 
by  the  residues  from  the  thin-film  oven  test 
for  the  60-70,  85-100,  and  120-150  penetration 
grades  of  asphalt.  In  general,  the  higher  the 
penetration  of  the  original  asphalts  the  lower 
the  percentage  of  retained  penetration.  The 
frequency  distribution  graph  for  the  three 
grades  is  shown  in  figure  17.  All  of  the  60-70 
penetration  asphalts  retained  more  than  55 
percent,  while  10  percent  of  the  85-100,  and 
25  percent  of  the  120-150  penetration  asphalts 
retained  less  than  55  percent.  The  median 
value  for  retained  penetration  was  66  percent 
for  the  60-70  grade,  61  percent  for  the  85-100 
grade  and  58  percent  for  the  120-150  grade. 

The  effect  of  the  original  consistency  on 
retained  penetration  is  illustrated  further  in 
figure  18  for  some  of  the  asphalts  of  various 
grades  from  the  same  sources  given  in  table 
5.  This  graph  shows  that  although  there  was 
a  wide  range  in  retained  penetration  for 
asphalts  within  each  grade,  there  also  was  a 
fairly  uniform  decrease  in  retained  penetra- 
tion as  the  original  penetration  increased. 
These  conclusions  support  the  decision  of  the 
various  specification  writers  to  establish  limits 
for  percentage  of  retained  penetration  on  a 
sliding  scale  for  different  penetration  grades. 

Softening  point  of  thin-film  residues 

The  softening  points  of  the  residues  from 
the  thin-film  oven  tests,  figure  19,  show  con- 
siderable overlapping  of  the  values.  The 
overall  range  of  the  softening  point  of  the 
residues  for  the  three  grades  of  asphalt  was 
111°  F.  to  147°  F.  The  range  for  the  60-70 
grade  was  126°  F.  to  147°  F.,  for  the  85-100 
grade  118°  F.  to  140°  F.,  and  for  the  120-150 
grade  111°  F.  to  133°  F.  The  increase  in  the 
softening  point  for  individual  samples  during 
the  test  varied  considerably.  Increases  for 
the  60-70  grade  varied  from  a  minimum  of 
3°  F.  to  a  maximum  of  17°  F.  For  the  85- 
100  penetration  asphalts  individual  increases 
varied  from  5°  F.  to  17°  F.  The  120-150 
grade  showed  increases  varying  from  3°  F. 
to  22°  F.  The  median  increase  for  all  grades 
was  in  the  range  from  8  to  10  degrees. 


The  distribution  of  the  ductility  of  the  thin- 
film  residues  for  the  60-70,  85-100,  and  120- 
150  penetration  asphalts  is  shown  in  figure  20. 
Initially  3  of  the  60-70  asphalts  and  2  of  the 
120-150  asphalts  had  ductility  values  of  less 
than  100  em.  There  were  no  ductility  values 
of  less  than  100  cm.  for  the  85-100  penetration 
asphalts.  After  the  thin-film  test  the  per- 
centages of  asphalts  of  each  grade  that  had 
ductility  values  less  than  100  cm.  were  ap- 
proximately 23,  18,  and  7,  respectively,  and 
15,  7,  and  0  percent  of  the  residues  had  duc- 
tility values  less  than  50  cm. 

It  is  of  interest  to  note  that  the  ductilities  of 
many  of  the  thin-film  residues  were  higher 
than  the  original  asphalt.  Nineteen  percent 
of  the  60-70  asphalts,  42  percent  of  the  85- 
100  asphalts,  and  71  percent  of  the  120-150 
asphalts  increased  in  ductility  during  heating 
in  the  thin-film  test.  This  was  accounted  for 
by  the  hardening  during  heating  that  put 
these  asphalts  within  the  range  of  consistency 
for  higher  ductility. 

Standard  oven-loss  tests 

Plotted  data  for  the  standard  loss  tests 
have  not  been  included  since  there  was  little 
significance  to  the  results  obtained.  All  of 
the  60-70  penetration  materials  had  losses  of 


less  than  0.20  percent,  while  97  percent  of  the 
85-100  materials,  and  89  percent  of  the  120- 
150  materials  had  losses  of  less  than  0.20  per- 
cent. Maximum  loss  values  for  the  60-70, 
85-100,  and  120-150  grades  were  0.18,  0.58, 
and  0.27  percent,  respectively.  The  minimum 
percentages  of  retained  penetration  for  the 
oven-loss  residues  for  the  above  grades  were 
78,  75,  and  77,  respectively. 

The  low  values  for  loss  and  the  high  values 
for  retained  penetration  in  the  standard  oven- 
loss  test  for  all  grades  of  asphalts  covered  by 
this  report  further  confirms  the  inadequacy 
of  the  test  for  evaluating  the  hardening  charac- 
teristics of  asphalt  cements. 

Oliensis  spot  test 

Oliensis  spot  tests  using  standard  naptha 
were  made  on  all  of  the  60-70  and  120-150 
penetration  grade  asphalts.  (Results  of  the 
spot  tests  on  the  85-100  penetration  grade 
asphalts  were  reported  in  part  I.)  Only  3 
asphalts  of  the  60-70  and  120-150  asphalts 
were  found  to  have  a  positive  reaction.  These 
were  samples  Nos.  154  (60-70  grade)  and  226 
(120-150  grade)  from  refinery  23.  Sample 
No.  69,  the  85-100  grade  asphalt  from  the 
same  refinery,  also  showed  a  positive  spot. 
Asphalts  from  this  source  refined  from  a  West 
Texas  crude,  have  been  known  to  produce 
positive  spots  even  when  vacuum  or  steanL 
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Figure  15. — Distribution  of  change  in  weight  during  thin-film  test. 
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Figure  16. — Relation  of  penetration  at  77°  F.  to  change  in 
weight  in  thin-film  oven  test. 
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Figure  17. — Distribution  of  retained  penetration  of  thin-film   residues. 


istillation  are  used.  Sample  No.  218  (120- 
50  grade)  from  refinery  38  also  showed  a  posi- 
ive  reaction  as  did  sample  No.  98  in  the  85- 
00  grade  from  the  same  source.  No  60-70 
isphalt  was  received  from  this  producer. 

Thus  the  results  of  spot  tests  on  all  grades 
f  asphalts  reported  here  and  in  part  I  indi- 
cate that  very  few  of  the  present  day  asphalts 
vould  fail  such  requirements  in  specifications, 
articularly  if  small  amounts  of  xylene  are 
sed  with  the  standard  naptha  as  is  generally 
pecified. 

General  Discussion  of  Data 

The  test  results  reported  here  and  in  part  I 
vere  obtained  primarily  to  provide  current 
nformation  on  the  properties  of  asphalt 
ements  used  in  highways  in  the  United  States. 
he  groups  of  samples  in  the  60-70,  85-100, 
imd  120-150  grades  were  believed  to  represent 
learly  all  asphalts  of  these  grades  produced 
ind  used  at  the  time  of  sampling.  While 
here  may  have  been  some  changes  in  crude 
ources  or  methods  of  refining  since  1955  when 


the  samples  were  collected,  the  results  of  tests 
are  believed  to  be  indicative  of  the  properties 
of  asphalts  produced  today. 

It  was  pointed  out  in  part  I  that  12  of  the 
119  samples  of  the  85-100  penetration  grade 
asphalts,  or  about  10  percent,  failed  to  meet 
the  standard  specifications  employed  by  the 
majority  of  the  States.  The  test  data  for  the 
other  grades  reported  here  show  that  13  sam- 
ples, or  about  28  percent,  of  the  60-70  grade, 
and  4  samples,  about  7  percent,  of  the  120- 
150  grade  also  were  outside  the  required  pene- 
tration limits.  However,  while  this  appears 
to  be  a  rather  high  number  of  samples  outside 
specifications,  it  should  be  noted  that  of  the 
29  samples  of  all  grades  that  failed  to  meet 
the  penetration  range,  21  of  these  were  within 
the  current  precision  requirement  for  repro- 
ducibility of  the  penetration  test. 

Other  than  the  penetration  test,  only  3  of 
the  85-100  grade  asphalts  failed  to  meet  any 
standard  AASHO  specification  requirement. 
There  also  were  3  samples  of  the  60-70  asphalts 
and  2  of  the  120-150  asphalts  that  had  ductil- 
ity values  less  than  100  cm.,  and  a  single  120- 


Figure  18. — Relation  of  penetration  at  77°  /'".   to  retained 
penetration  of  thin-film  residues. 


150  asphalt  that  did  not  meet  the  requirement 
for  solubility  in  carbon  tetrachloride. 

It  was  brought  out  in  the  first  report  that 
many  of  the  current  specifications,  such  as 
those  of  the  AASHO,  fail  to  measure  the  rela- 
tive quality  of  asphalt  and  that  asphalt  ma- 
terials meeting  these  specifications  may  actu- 
ally show  poor  performance  in  service.  Con- 
sequently during  the  past  four  years,  a  number 
of  agencies  have  revised  their  asphalt  specifi- 
cations in  an  effort  to  raise  the  overall  quality 
of  asphalt.  Several  of  the  Western  States 
followed  California's  lead  and  adopted  specifi- 
cation requirements  based  on  the  Pensky- 
Martens  closed  cup  flash  test,  the  penetration 
ratio,  the  Furol  viscosity  at  275°  F.,  and  the 
thin-film  oven  test.  The  requirements  adopted 
for  these  specifications  were  cooperatively  de- 
veloped by  conferences  of  western  producers 
and  consumers  and  undoubtedly  have  been  of 
value  in  eliminating  some  poor  materials  and 
in  upgrading  others.  However,  tests  made  by 
the  Bureau  of  Public  Roads  show  that  the 
western  requirements  for  the  Pensky-Martens 
flash  point,  the  penetration  ratio  and  the  Furol 
viscosity  at  275°  F.  would  not  be  applicable 
on  a  national  basis. 

Flash  point  requirements  in  specifications 
are  intended  to  indicate  the  temperature  at 
which  asphalts  may  be  safely  heated.  It  was 
found  that  the  presence  of  silicones  in  asphalts, 
which  had  been  added  during  refining  or 
storage  to  reduce  foaming  tendencies,  often 
caused  erroneous  flash  points  by  the  Cleveland 
open  cup  method.  The  Pensky-Martens 
closed  cup  method  was  adopted  by  some  of 
the  Western  States  to  avoid  this  error.  The 
States  set  minimum  specification  limits  for 
the  60-70,  85-100,  and  120-150  penetration 
grades  at  450°  F.,  440°  F.,  and  425°  F.,  respec- 
tively. The  percentage  of  asphalts  in  the  above 
grades  that  failed  to  meet  the  requirements 
were  9,  22,  and  18. 
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Figure  19. — Distribution  of  softening  point  of  thin-film  residues. 
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DUCTILITY  AT  77'F,  5  CM.  PER   MIN.,  CM. 
Figure  20. — Distribution  of  ductility  of  thin -film  residues. 


While  the  Pensky-Martens  closed  cup  test 
may  serve  a  useful  purpose  in  obtaining  truer 
flash  points  where  silicones  are  present  in  the 
asphalt,  the  specification  limits  should  not  be 
set  so  as  to  exclude  asphalts  having  good 
service  records.  Since  many  of  the  asphalts 
that  failed  the  western  requirements  appar- 
ently were  of  good  quality,  those  limits  should 
not  be  adopted  on  a  nationwide  basis. 

The  ratio  of  the  penetration  at  39.2°  F., 
200  g.,  5  sec,  to  the  penetration  at  77°  F. 
100  g.,  5  sec,  may  serve  a  useful  purpose  in 
restricting  the  use  of  highly  temperature- 
susceptible  asphalts.  However,  the  minimum 
requirement  of  25  adopted  by  the  Western 
States  would  have  little  significance  if  applied 
on  a  national  basis.  A  discussion  of  the  pene- 
tration ratios  of  the  85-100  asphalts  in  part 
I  of  the  study  pointed  out  that  there  was  a 
general  trend  for  the  asphalts  from  the  eastern 
sources  to  have  the  highest  penetration  ratios 
and  those  from  western  sources  the  lowest. 
The  asphalts  from  the  central  areas  had 
intermediate  values.  Similar  trends  were 
found  for  the  other  grades  reported  here. 
The  variability  in  penetration  ratios  of 
asphalts  throughout  the  country  again  stresses 
the  need  for  the  extreme  caution  that  must  be 
used  to  establish  significant  specification 
requirements. 

Penetration  ratios  employing  differences  in 
time  of  penetration  and  loading,  such  as  that 
used  in  the  western  specifications,  are  not 
believed  to  be  true  indexes  of  susceptibility 
because  of  the  combination  of  test  variables 
other  than  temperature.  In  the  report  on 
the  properties  of  asphalts  produced  in  the 
midthirties  it  was  shown  that  the  slope  of 
the  log-penetration  temperature  curve  repre- 
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sented  a  useful  measure  of  susceptibility  that 
was  more  nearly  related  to  the  rheological 
properties  of  the  material  than  any  of  the 
empirical  ratios  (l).3  It  is  believed  that  if  a 
temperature-susceptibility  index  is  a  needed 
requirement  in  asphalt  specifications,  con- 
sideration should  be  given  to  the  use  of  the 
slope  of  the  penetration  curve  or  values  based 
on  fundamental  measurements  of  consistency. 
Another  feature  of  the  quality  specification 
that  serves  to  limit  the  viscosity  temperature 
relation  is  the  furol  viscosity  at  275°  F. 
This  requirement  is,  in  effect,  also  a  control 
of  the  temperature  susceptibility  of  asphalt. 
The  western  specifications  have  established 
limits  of  100  to  325,  85  to  200,  and  70  to  210 
seconds,  respectively,  for  the  60-70,  85-100, 
and  120-150  grade  asphalts.  All  of  the  pene- 
tration asphalts  exceeded  the  lower  limits  of 
these  requirements,  but  there  were  a  number 
of  asphalts  of  each  grade  that  had  viscosities 
higher  than  the  maximum  requirement. 
Approximately    30   percent    of  4; he    60-70,    8 


3  Italic  numbers  in  parentheses  refer  to  the  list  of  references 
on  p.  99. 


percent  of  the  85-100,  and  7  percent  of  the 
120-150  asphalts  had  viscosities  above  the 
upper  limits.  Many  of  these  asphalts  are 
used  extensively  in  the  Eastern  States  and 
are  considered  to  be  satisfactory  materials. 
It  is  again  evident  that  if  high-temperature 
viscosity  requirements  are  desirable  for 
adoption  in  specifications  on  a  nationwide 
basis  a  further  study  should  be  made  to  es- 
tablish proper  limits. 

To  date  no  detailed  study  of  the  viscosity- 
temperature  characteristics  of  the  asphalts  of 
this  study  has  been  made.  The  wide  range  in 
the  viscosities  values  at  275°  F.  of  the 
asphalts  in  each  grade  shows  the  necessity  for 
giving  more  consideration  to  establishing 
temperatures  for  plant  mixing  and  spray 
applications  on  the  basis  of  viscosity.  The: 
difference  in  viscosity  of  the  asphalts  at  this 
high  temperature  also  indicates  that  there 
may  be  considerable  variation  in  the  viscosi- 
ties in  the  temperature  range  to  which  the 
asphalt  is  subjected  in  the  pavement.  Such 
variations  may  be  significant  from  the  stand- 
point of  the  essential  engineering  properties. 

During  the  past  year  the  thin-film  oven 
test,  which  was  developed  by  the  Bureau  of 
Public  Roads,  received  greater  recognition 
when  it  was  adopted  by  the  Asphalt  Institute 
as  a  specification  test.  The  AASHO  (Ameri- 
can Association  of  State  Highway  Officials) 
Committee  on  Materials  also  approved  tin 
test  and  asphalt  cement  specifications  have 
been  adopted  which  include  the  thin-film  oven 
test  with  suggested  limits.  While  the  Asphalt 
Institute  specifications  include  requirement' 
for  retained  penetration  only,  the  AASHC 
specifications  include  the  additional  recjuire 
ments  for  a  maximum  loss  in  weight  and  a 
minimum  ductility  of  the  residue.  The  tesf 
limits  are  similar  to  those  currently  in  effect 
in  a  number  of  State  specifications.  Table  ( 
gives  a  summary  of  the  test  limits  used  b\ 
the  AASHO,  the  Asphalt  Institute  and  the 
Western  States. 

The  limits  for  retained  penetration  suggested 
by  the  AASHO  and  those  used  by  the  Asphalt 
Institute  are  shown  graphically  in  figure  21 
together  with  the  results  and  an  analyses  ol 
the  test  data  on  the  3  penetration  grades  ol 
asphalts. 

The  Asphalt  Institute  requirements  foi 
retained  penetration  are  slightly  lower  thai 
those  in  the  AASHO  specification  for  th( 
lower  penetration  grades  and  this  differencf 
decreases  as  the  penetration  grade  increase 
In  order  to  compare  these  specification  limits 
with  the  results  of  the  retained  penetration  o 
the  asphalts  reported  in  this  study,  two  sets  o 


Table  6. —  Specification  requirements  for  the  thin-film  oven  test 


Penetration  grade 

Loss  in  weight  not 
more  than— 

Retained  penetration  at  77°  F. 
not  less  than — 

Ductility  of  residue  at 
77°  F.,  not  less  than— 

AASHO i 

Western 
States  2 

AASHO 

Western 

Slulcs 

Asphalt 
Institute 

AASHO 

Western 
States 

40-50 

Pet. 

0.8 
.8 
1.0 
1.3 
1.5 

Pel. 
0.75 

.8 

.85 
1.0 
1.5 

Pet. 
55 
52 
47 
42 
37 

Pet. 

52 
50 
47 
41 
40 

Pet. 
52 
50 
45 
42 
37 

Cm. 

50 

75 
100 
100 

Cm. 
50 
50 
75 
75 
75 

60-70 

85-100 

120-150 

200  300  --- 

1  Limits  suggested  for  AASHO  specification  M  20-59. 


2  Limits  used  by  Western  States. 
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lire  21.— Specification  requirements  for  retained  penetration,  thin  ■ 
film  oven  test. 


values  are  also  shown  in  figure  21.  These  are 
the  average  values  for  the  60-70,  85-100,  and 
120-150  grades  and  the  minimum  values 
established  for  95  percent  probability  (the 
average  — 1.96  X  standard  deviation),  for  the 
same  grades.  Although  there  is  no  particular 
significance  to  be  attached  to  the  95  percent 
probability  limits  with  respect  to  asphalt 
quality,  the  values  are  used  here  as  a  gage  of 
the  applicability  of  the  specification  limits 
that  are  proposed  or  in  use.  The  Asphalt 
Institute  limits  are  approximately  parallel  to 
the  line  shown  for  the  average  values  and  are 
about  15  percentage-points  lower.  The 
AASHO  limits  are  nearer  those  established 
by  the  95  percent  probability  line  but  are  still 
7  percentage-points  lower  in  retained  penetra- 
tion for  the  40-50  grade  asphalts  and  the 
differences  decrease  for  the  higher  penetration 
grades. 

It  should  be  emphasized  that  the  asphalts, 
with  possibly  a  few  exceptions,  were  not 
produced  to  meet  the  requirements  for  the 
thin-film  test.  Even  with  this  consideration 
there  were  very  few  asphalts  that  would  be 
penalized  by  the  AASHO  limits  for  retained 
penetration  which  allows  for  differences  in  the 
reproducibility  of  the  test.  None  of  the  60-70 
asphalts  failed  the  requirement  for  retained 
penetration  of  52  percent.  Four  of  the  85-100 
penetration  asphalts  were  less  than  47  per- 
cent, and  none  of  the  120-150  asphalts  were 
less  than  42  percent. 

The  data  indicate  that  there  was  no  exact 
correlation  between  the  amount  of  loss  and  the 
hardening,  but  where  the  loss  was  appreciable 
it  affected  hardening  to  a  considerable  degree. 
The  relation  between  loss  and  hardening  also 
gave  some  indication  as  to  the  type  of  harden- 
ing that  occurred.  Therefore,  loss  values  are 
considered  significant  and  should  be  deter- 
mined. 

All  of  the  60-70  asphalts  had  losses  less  than 
0.8  percent,  the  maximum  requirement  sug- 
gested by  the  AASHO.  Five  of  the  85-100 
asphalts  failed  the  requirement  of  1.0  percent 
and  3  of  these  also  failed  to  meet  the  minimum 
requirement    for    retained    penetration.     One 
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sample  of  the  120-150  asphalts  did  not  pass 
the  requirement  of  1.3  percent.  This  asphalt 
had  a  retained  penetration  of  42  percent,  the 
minimum  requirement  of  that  grade. 

Even  though  the  amount  of  change  in  the 
ductility  during  the  thin-film  tests  may  not  be 
indicative  of  quality,  it  is  believed  that  the 
actual  ductility  of  the  residue  is  significant. 
Data  obtained  show  t  hat  some  asphalts  retained 
a  high  percentage  of  penetration  and  yet 
became  relatively  nonductile. 

The  minimum  requirements  for  ductility  of 
the  residues  from  the  thin-film  test  suggested 
by  the  AASHO  specification  for  the  60-70, 
85-100,  and  120-150  grades  are  50,  75,  and 
100  cm.  respectively.  A  minimum  ductility 
of  100  cm.  was  also  specified  for  the  200-300 
grade  asphalts.  No  requirement  was  specified 
for  the  40-50  grade  asphalts.  Of  the  asphalts 
that  did  not  meet  the  minimum  ductility 
requirements,  6  were  samples  in  the  60-70 
grade,  17  were  in  the  85-100  grade,  and  4 
were  in  the  120-150  penetration  grade.  These 
are  equivalent  to  13,  14,  and  7  percent  of  the 
asphalts  included  in  each  grade. 

The  most  suitable  limits  for  ductility  re- 
quirements on  the  thin-film  residues  are 
debatable.  It  was  pointed  out  in  the  report  on 
the  85-100  asphalts  that  a  minimum  limit  of 
75  cm.  appeared  to  be  suitable  for  the  Western 
States  but  that  this  requirement  might  be 
somewhat  severe  for  the  asphalts  produced  in 
the  midcontinent  area.  The  minimum  re- 
quirement of  50  cm.  for  the  60-70  asphalts 
also  might  be  somewhat  severe  for  the  asphalts 
produced  in  the  midcontinent  area.  How- 
ever, the  minimum  requirement  of  100  cm.  for 
the  120-150  grade  appears  to  be  satisfactory. 

Summary 

It  is  believed  that  the  greatest  value  of 
these  studies  are  the  test  results  themselves. 
While  the  data  reported  include  primarily 
the  results  of  the  tests  used  in  current  speci- 
fications, they  serve  to  establish  the  range 
and  medians  for  test  values  that  may  be 
expected  on  a  national  basis.  Thus,  they 
provide    background    information    that    may 


be  used  as  a  guide  for  evaluating  the  older 
specifications  for  asphalt  cements  and  for 
judging  the  applicability  of  new  tests  and 
requirements. 

It  is  recognized  that-  the  data  offer  many 
possibilities  for  analyses  other  than  those 
presented  here  and  in  part  I.  It  is  believed 
that  various  trends  and  interrelations  of  the 
data  will  be  of  varying  degrees  of  interest  to 
producers,  engineers,  and  researchers  and  that 
each  may  want  to  analyze  the  data  in  a  differ- 
en1  manner  to  obtain  the  desired  information. 
The  analysis  and  discussion  of  the  test 
results  have  served  to  show  the  inadequacy 
of  many  of  the  current  specification  require- 
ments for  asphalt  cements  and  to  illustrate 
i  he  wide  differences  that  exist  in  asphalts 
meeting  the  same  specifications. 

The  need  for  additional  studies  to  evaluate 
the  significance  of  the  differences  in  asphalts 
should  he  emphasized.  The  differences  in 
the  temperature  susceptibility  of  asphalts 
have  received  recognition  by  some  agencies 
to  control  plant  mixing  temperatures  on  an 
equi-viscosity  basis.  Some  consideration  is 
also  being  given  to  the  effect  of  the  differences 
in  viscosity  of  asphalts  on  the  compaction 
of  paving  mixtures  on  the  road.  However, 
the  full  significance  of  these  differences  needs 
to  be  established.  The  wide  range  in  vis- 
cosities at  the  high  temperatures  raises  a 
question  as  to  amount  of  variation  in  vis- 
cosities of  asphalts  in  the  temperature  range 
they  are  subjected  to  in  the  pavement.  Re- 
search also  is  needed  to  evaluate  the  signifi- 
cance of  these  differences. 

More  information  is  needed  concerning  the 
hardening  characteristics  of  asphalts.  It  is 
generally  recognized  that  hardening  during 
the  fabrication  of  pavements  should  be  limited 
and  that  this  can  be  done  effectively  by  the 
proper  use  of  specification  requirements  for 
the  thin-film  oven  test  together  with  proper 
temperature  control  during  plant  mixing. 
However,  studies  are  needed  to  evaluate  the 
hardening  of  asphalts  in  pavements  at  road 
temperatures  and  the  effect  of  the  many 
variables  on  the  hardening,  such  as  mixture 
composition,  design,  and  density  of  pavement. 
There  are  some  areas  of  research  that  are 
not  a  part  of  these  studies  that  should  be 
kept  in  mind  in  relation  to  the  improvement 
of  quality  of  asphalts  and  the  development 
of  better  tests  and  specifications.  For  exam- 
ple, there  is  some  concern  among  the  States 
with  the  variability  of  the  wetting  and  adhe- 
sion characteristics  of  asphalts.  There  have 
been  some  reports  that  modifications  made  to 
reduce  hardening  tendencies  have  resulted  in 
poorer  adhesion.  This  factor  needs  to  be 
studied. 

Asphalt  technology  is  still  based  primarily 
on  empirical  tests  and  relations  developed  by 
trial  and  error  methods  and  these  will  un- 
doubtedly be  continued  in  use  for  a  long  time. 
Nevertheless,  the  interest  in  developing  truly 
fundamental  data  and  information  on  rheo- 
logical  properties  is  increasing  rapidly  and 
new  tools  such  as  the  Zeitfuchs  capillary 
viscometer  and  the  sliding  plate  microviscom- 
eter    have    been  developed  to    make    the    task 
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Origin  and  Destination  Survey 


By  The  Port  of  New  York  Authority 
Port  Development  Department 
Planning  Division 


A  new  origin  and  destination  survey  technique,  called  "continuous  sampling,'''' 
is  described  in  this  article.  The  bin  gain  in  this  technique  is  the  better  quality  of  results 
obtained  by  interviewing,  spread  over  a  whole  year,  with  approximately  the  same  num- 
ber of  interviews  that  would  be  conducted  in  a  ''''one-shot''''  survey  concentrated  in  a 
mail  period  of  time.  The  continuous  sampling  technique,  based  on  probability 
samples,  spreads  the  interviewing  over  a  long  period  of  time  and  thus  obtains  a  full 
variety  of  daily,  weekly,  and  seasonal  traffic  patterns.  The  method  is  efficient  and 
economical  since  it  enables  a  small  number  of  experienced  interviewers  to  do  all  the 
interviewing  and  catling,  and  avoids  intensive  activity  at  any  facility  at  any  one  time, 
la  addition,  the  technique  permits  periodic  analyses  and  provides  up-to-date  informa- 
tion, since  the  data  are  continuously  obtained,  and  makes  possible  calculation  of 
measures  of  sampling  variability.  ill  of  these  features  of  the  continuous  sampling 
technique  tend  to  result  in  belter  representation  of  changing  traffic  patterns. 

By  using  the  continuous  sampling  technique,  the  Port  of  /Veu'  }ork  Authority, 
which  devised  the  procedure,  obtained  statistically  reliable  information  as  to  the 
origins  and  destinations  of  automobiles  and  trucks  using  the  three  major  Hudson  River 
crossings  between  New  York  City  and  New  Jersey — the  George  Washington  Bridge  and 
the  Holland  and  Lincoln  Tunnels. 

In  1958,  a  total  of  80.7  million  motor  vehicles  used  the  three  crossings — an  average 
daily  traffic  of  221,000  vehicles.  Ninety-seven  percent  of  these  vehicles  had  at  least  one 
terminus  in  the  18-county  New  York-New  Jersey  metropolitan  area.  The  largest  share 
of  weekday  traffic.  34  percent,  either  originated  in  or  was  destined  to  the  Manhattan 
central  business  district. 

Classified  by  trip  purposes  for  the  year,  47  percent  of  the  automobiles  crossed  the 
trans-Hudson  facilities  for  work,  51  percent  for  recreation  and  personal  reasons,  and 
only  2  percent  for  shopping  pitrposes.  Classified  according  to  the  day  of  the  iveek, 
automobile  trips  for  business  purposes  accounted  for  63  percent  of  the  weekday  trips, 
24  percent  of  the  Saturday  trips,  and  11  percent  of  the  Sunday  trips.  Recreation  and 
personal  trips  increased  from  35  percent  on  weekdays  to  73  percent  on  Saturdays  and 
88  percent  on  Sundays.  Seasonally,  the  proportion  of  weekday  business  trips  by  auto- 
mobiles varied  from  .57  percent  in  the  summer  to  68  percent  during  the  winter. 

On  an  hourly  basis,  during  the  7—10  a.m.  period  87  percent  of  the  eastbound  and 
86  percent  of  the  westbound  weekday  automobile  trips  were  for  ivork  purposes.  In 
the  4—7  p.m.  period,  however,  only  68  percent  of  the  eastbound  trips  anil  72  percent  of 
the  westbound  trips  were  for  business  purposes. 

Traffic  patterns  of  1958  compared  with  those  of  1949  are  also  reported  in  this  article. 
The  comparisons  showed  that  traffic  originating  and  terminating  in  each  of  the  counties 
in  the  metropolitan  area  increased  substantially  over  the  9-year  period,  with  the  greater 
percentage  increases  being  most  pronounced  in  the  outlying  counties.  This  and  other 
indications  appear  to  emphasize  the  growing  importance  of  peripheral  facilities  ami 
routings. 

Changes  in  truck  traffic  patterns  from  1949  to  1958  were  less  pronounced  than  those 
shown  for  <ill  vehicle  trips  combined.  Truck  traffic  increased  only  23  percent  over  the 
9-year  period,  whereas  total  trans-Hudson  traffic  increasetl  59  percent  over  the  same 
period. 


THE  SURVEY  TECHNIQUE 

REASONABLY  ACCURATE  and  up-to- 
date  origin  and  destination  information 
is  one  of  the  primary  tools  used  in  the  planning 
of  vehicular  facilities.  Since  1930,  the  I'ort 
of  New  York  Authority,  in  connection  with 
its    planning    for    future    vehicular    facilities 


across  the  Hudson  River  in  the  metropolitan 
New  York-New  Jersey  area,  has  conducted 
periodic  roadside  interview  surveys  of  origins 
and  destinations  of  vehicles  using  its  tunnels 
and  bridges.  Included  in  the  surveys  were  the 
Port  Authority's  vehicular  facilities  that 
connect  New  York  City  with  the  mainland 
to  the  west:  the  Holland  and  Lincoln  Tunnels 


Reported  by  WARREN   LOVEJOY 
Transportation  Economis 

and  the  George  Washington  Bridge,  the  thre 
vital  Hudson  River  crossings  between  th, 
island  of  Manhattan  and  New  Jersey;  an] 
the  Outerbridge,  Goethals,  and  Bayonn 
Bridges,  which  connect  Staten  Island  wit 
New  Jersey. 

In  the  past,  so-called  "one-shot"  survey 
have  been  employed  in  which  the  traffic  c 
1  to  3  days  has  been  surveyed  as  represent  at  iv, 
of  the  entire  year's  traffic.  These  survey 
were  made  approximately  at  3-year  interval; 
While  these  short-term  surveys  provided 
substantial  body  of  origin-destination  inform! 
tion  over  the  years,  it  was  felt  that  improve 
methods  of  obtaining  the  desired  informatio 
were  possible.  A  study  was  consequent! 
undertaken,  which  resulted  in  the  adopt io 
in  January  1958  of  a  new  sampling  techniqu 
called  "continuous  sampling." 

Briefly,  this  technique  is  based  on  a  care 
fully  designed  and  controlled  probabilit1 
sample  which  builds  up  the  interviews  ol 
tained  to  the  required  number  for  any  desire 
degree  of  reliability  by  sampling  over  a  coi 
siderable  length  of  time  rather  than  b; 
sampling  heavily  in  a  short  period  of  severs 
days.  Thus,  in  the  continuous  survey,  b 
obtaining  a  few  hundred  interviews  eac 
day,  a  substantial  number  of  interviews  wei 
accumulated  over  the  course  of  the  year  195! 
These  were  obtained  under  all  of  the  varyii: 
conditions  that  existed  in  the  field  througho ' 
the  year.  Some  of  the  resulting  1958  data  f( 
the  three  Hudson  River  crossings  are  pr< 
sented  later  in  this  article.  The  Port  Authorit 
has  continued  the  sampling  survey  througho i 
1959  and  in   1960. 

Advantages  of  continuous  sampling 

There  are  a  number  of  advantages  to  1 
derived  from  the  use  of  the  new  traffic  surv« 
technique.  Among  the  more  important 
these,  as  they  apply  to  the  Port  Authority 
origin  and  destination  survey  problem,  a 
the  following: 

1.  By  spreading  the  sampling  over  a  loi 
period  of  time,  this  system  avoids  the  poss 
bility  inherent  in  "one-shot"  surveys  tin 
seasonal  or  other  variations  might  mal 
traffic  on  the  day  or  days  surveyed  unrepr 


•Paul  Rackow,  Economic  Analyst  with  the  Port  of  N< 
York  Authority,  was  responsible  for  much  of  the  work 
this  survej  ■ 
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titative.  In  continuous  sampling,  a  sufficient 
ritt  y  of  traffic  patterns  are  covered  through- 
t  the  year  so  that  the  survey  results  are 
presentative  of  normal  traffic  patterns. 

2.  Up-to-date  information  on  origin  and 
■stination  patterns  is  provided  at  any  time 
cause  the  survey  data  are  continuously 
ing  obtained  and  can  be  analyzed  periodi- 
lly,  as  necessary. 

3.  Building  the  size  of  the  sample  over  a 
tig  period,  rather  than  by  intensive  sampling 
tring  just  a  few  days,  has  eliminated  the 
cessity  of  hiring  large  numbers  of  unskilled, 
mporary  employees  as  interviewers  and 
ders.  For  the  continuous  sampling,  four 
gularly    employed    interviewers    did    all    of 

|"e  interviewing  as  well  as  the  coding.  These 
'en  were  well  trained  in  interviewing  meth- 
Is,  had  a  thorough  knowledge  of  the  geog- 
'phy  of  the  metropolitan  area,  and  were 
piled  in  the  coding  of  the  data. 
14.  Since  continuous  sampling  avoids  inten- 
se activity  at  any  facility  at  any  one  time, 
ere  was  less  chance  of  causing  traffic  con- 
stion  while  obtaining  the  origin  and  destina- 
bn  information.  Furthermore,  skilled  inter- 
i'wits  greatly  reduced  the  time  required 
r  each  interview  and  were  thus  able  to  get 
mplete  information  on  each  interview 
'thout  undue  delay  to  the  motorist. 
5.  By  using  a  probability  sample,  it  is 
ssible  to  compute  mathematically  the 
gree  of  reliability  achieved  by  the  survey 
d  thus  keep  a  constant  check  of  the  accuracy 
the  results. 


ata  obtained 


During   1958,   a  total  of  92,329  interviews 

jre  obtained   at   six   river   crossings.      This 

imber  of  interviews  represented  0.1  percent 

the  85.7  million  automobile  and  truck  trips 

1958  actually  recorded  at  these  crossings. 

hile  the  proportion  of  sampling  may  appear 

be    remarkably    small,    the    results    were 

und  to  be  statistically  reliable. 

An  interview  response  rate  of  nearly  99  per- 

nt  was  achieved  and  in   all  cases  the  full 

inount  of  information  covered  by  the  inter- 

ew  form  was  obtained.      This  exceptionally 

gh    rate    of    response    represented    a    con- 

ierable  improvement  over  the  level  achieved 

the   "one-shot"   surveys  conducted  in   the 

ist,  thus  ensuring  a  high  degree  of  reliability 

this  phase  of  the  survey  results. 

While  the  basic  purpose  of  the  survey  was 

■  obtain  information  as  to  the  origins  and 

jstinations  of  automobiles  and  trucks  using 

ie    Port     Authority    bridges    and    tunnels, 

ipplementary  information  was  obtained  con- 

Tning  purpose  of  trip,   State  in   which   the 

Aide  was  registered,  number  of  passengers, 

:'pe  of  vehicle,  and  time,  dav,  and  direction 

!  trip.     Buses  were  not  included  in  the  sur- 

iy,  because  information  on  bus  routes  was 

/ailable  from  other  sources. 


Survey  Design 

The  sample  design  for  the  1958  survey  had 

be  both  economical  and  practical  in  order 

i  meet  the  necessary  restrictions  as  to  reason- 

3le    work    loads    and    the    various    working 
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conditions  which  would  be  encountered  in  the 
field.  The  experience  of  the  first  year  of 
operation  (1958)  and  analysis  of  the  survey 
results  have  indicated  that  the  sample  design 
did,  in  fact,  meet  these  requirements. 

There  were  a  number  of  specific  require- 
ments which  the  survey  had  to  be  designed  to 
accomplish : 

1.  Sample  estimates  had  to  be  produced  for 
a  great  variety  of  specified  lines  of  travel  with 
many  different  levels  of  traffic  volume.  A 
line  of  travel  was  defined  as  traffic  moving 
between  two  geographically  specified  zones. 
These  estimates  had  to  be  provided  not  only 
for  the  Port  Authority  vehicular  crossings 
combined,  but  for  each  facility  separately,  on 
an  annual  basis  as  well  as  for  each  of  the  four 
seasons  of  the  year. 

2.  The  statistical  population  from  which  the 
sample  was  to  be  taken  included  all  revenue 
(toll-paying)  automobiles,  trucks,  and  tractor- 
trailers  using  the  Port  Authority  vehicular 
crossings  on  weekdays,  Saturdays,  and  Sun- 
days. 

3.  The  sample  was  to  be  a  probability 
sample  requiring  that  every  vehicle  trip  made 
during  the  year  have  a  known  probability  of 
selection.  This  was  to  be  achieved  by  a 
randomized-selection  procedure  at  every  stage 
of  the  sample  design. 

4.  The  level  of  reliability  required  in  the 
survey  specified  that  with  the  expected  overall 
sample  size  of  100,000  interviews,  a  sample 
estimate  of  1  percent,  or  1,000  interviews, 
would  have  a  coefficient  of  variation  (maxi- 
mum margin  of  error)  of  the  order  of  3  to  6 
percent. 

5.  There  had  to  be  built  into  the  sample 
design  a  procedure  for  developing  proper 
measurements  of  the  standard  errors  of  the 
various  sample  estimates. 

Development  of  general  sample  design 

The  general  sample  design  had  to  be  such 
that  all  of  the  statistical  requirements  for  a 
probability  sample  were  met.  The  design 
also  had  to  accommodate  the  practical  prob- 
lems encountered  in  the  actual  conduct  of  the 
survey.  These  two  considerations  necessi- 
tated development  of  a  number  of  procedures, 
which  are  outlined  in  the  following  paragraphs. 

The  survey  budget  permitted  the  assign- 
ment of  four  permanent  field  survey  inter- 
viewers to  this  project,  These  interviewers 
were  to  be  responsible  for  both  the  field  work 
and  the  office  work  in  connection  with  the 
survey.  Since  this  was  the  limit  of  the  man- 
power available,  it  was  determined  that  the 
field  work  had  to  be  restricted  to  11  tours  of 
duty  per  week. 

Reasonable  working  hours  and  the  necessity 
of  minimizing  fluctuations  in  hourly  traffic 
volumes  within  shifts  were  used  as  the  criteria 
in  designating  the  hours  for  shifts,  which 
became  the  primary  sampling  units.  The 
shifts  were  set  up  as  8-hour  periods  to  be 
spent  at  one  facility  on  any  one  of  the  seven 
days  of  the  week.  The  hours  of  the  shifts 
decided  upon  were  11  p. m -7. a.m.,  7  a.m- 
3  p.m.,  and  3  p.m.-ll  p.m. 

To  insure  good  coverage  of  origin  and 
destination  patterns,  directional  flows,  vehicle 
types,  and  traffic  volumes  at  each  facility  dur- 


ing each  8-hour  period,  the  design  provided 
thai  the  interviewer  would  move  from  one  lane 
to  another  each  hour  in  a  prescribed  pattern 
of  rotation.  Specified  relief  periods  were 
included  in  each  hour,  but  it  was  assumed,  with 
good  reason,  that  the  traffic  patterns  during 
these  relief  periods  would  not  be  different 
from  those  sampled  during  the  interviewing 
periods. 

Because  of  the  distances  involved  in  cover- 
ing the  entire  toll  plaza  of  a  facility,  which 
ranged  from  14  to  26  lanes,  and  were  in  some 
cases  geographically  separated,  it  was  neces- 
sary to  subdivide  each  facility  into  two  or  more 
"locations."  These  locations  were  selected  in 
such  a  manner  as  to  allow  an  interviewer  to 
enumerate  the  number  of  lanes  open  within  a 
location  in  each  hour.  The  interviewer  would 
rotate  among  the  lanes  at  one  specified  loca- 
tion for  4  hours  and  then  move  on  to  another 
location. 

Experience  with  previous  "one-shot"  sur- 
veys, supplemented  by  field  testing,  indicated 
that  an  average  work  load  of  40  interviews  per 
hour  could  be  achieved  by  an  interviewer. 
This  does  not  mean  that  in  very  busy  periods 
more  than  40  interviews  per  hour  could  not  be 
obtained.  It  does  mean  that  throughout  the 
conduct  of  the  survey  an  average  rate  of  about 
40  interviews  per  hour  was  achievable. 

A  knowledge  of  hourly  traffic  variations  at 
each  facility  on  the  different  days  of  the  week 
was  utilized  in  selecting  uniform  sampling 
rates  during  each  shift  that  would  allow  for 
reasonable  work  loads  for  the  interviewers. 
The  possibility  of  selecting  any  shift  at  any 
facility  was  proportionate  to  the  amount  of 
traffic  volume  expected  to  occur  during  that 
shift. 

To  assure  a  self-weighting  sample,  a  pro- 
cedure of  balancing  actual  interviews  against 
expected  interviews  was  introduced.  Thus, 
interviews  could  be  duplicated  or  omitted, 
depending  on  such  factors  as  the  ratio  of  actual 
to  expected  lanes  open,  loss  of  interviewing 
time  due  to  bad  weather,  and  nonresponse. 

A  detailed  description  of  the  development 
of  the  four  stages  of  the  sample  design,  to- 
gether with  a  discussion  of  the  mathematical 
expressions  involved,  is  included  in  appendix 
A.  A  discussion  of  the  reliability  of  the  re- 
sults in  included  in  appendix  B. 

In  developing  the  statistical  sample  design 
the  Port  Authority  enlisted  the  aid  of  Mr.  S. 
T.  Hitchcock  and  Mr.  Nathan  Lieder  of  the 
Bureau  of  Public  Roads  and  Dr.  Leslie  Kish 
of  the  Survey  Research  Center  of  the  Univer- 
sity of  Michigan.  Dr.  Kish  served  as  statis- 
tical consultant  during  the  entire  conduct  of 
the  1958  survey. 
Field  interview  form 

The  field  interview  form  was  designed  to 
accomplish  two  basic  purposes:  To  facilitate 
quick  and  accurate  recording  of  information 
obtained  in  the  interviews;  and  to  simplify  the 
coding  of  this  information  for  punch-card 
processing.  After  considerable  field  testing 
a  form  was  developed  which  provided  ample 
space  for  recording  eight  interviews  on  each 
sheet  but  also  permitted  a  considerable  amount 
of  the  required  information,  common  to  all 
eight    interviews,    to   be   recorded   only    once. 
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Figure  I. — The  interview  questionnaire. 


The  top  and  bottom  of  the  form  are  shown  in 
figure  1.  The  actual  form  had  eight  sections 
for  recording  individual  trip  information. 

THE    1958    SURVEY    RESULTS 

Average  Daily  Traffic 

The  average  daily  traffic  volumes  carried  by 
the  three  Hudson  River  crossings  of  the  Port 
of  New  York  Authority — the  Holland  and 
Lincoln  Tunnels  and  the  George  Washington 
Bridge — are  shown  in  table  1,  classified  by 
facility,  type  of  day,  and  type  of  vehicle. 
These  figures,  recorded  as  actual  counts  at  the 
facilities,  reached  an  impressive  grand  total  of 
80.7  million  motor-vehicle  crossings  in   1958. 

The  1958  origin  and  destination  survey 
included  automobiles  and  trucks  using  the 
three  trans-Hudson  crossings,  but  did  not 
cover  buses.  It  must  be  kept  in  mind,  there- 
fore, that  the  percentage  figures  shown  in  the 
tables  and  charts  that  follow  apply  to  auto- 
mobiles and  trucks  only,  and  cannot  be  applied 
to  bus  traffic. 

Trip  Origins  and  Destinations 

The  great  majority  of  vehicles  crossing  the 
Hudson  River  in  1958  via  the  3  Port  Authority 
facilities  had  at  least  1  terminus  of  their  jour- 
ney in  the  18-county  New  York-New  Jersey 
metropolitan  area.  This  area  included  the  5 
boroughs  of  New  York  City,  9  counties  in 
northern  New  Jersey,  and  4  counties  in  "up- 
state" New  York  and  Long  Island.  Then- 
locations  appear  in  figure  2.  The  relative  lo- 
cations of  the  three  trans-Hudson  crossings 
are  shown  in  figure   I  on  page  92. 
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As  shown  in  table  2,  on  weekdays  83  percent 
of  the  trans-Hudson  vehicle  trips  were  wholly 
within  the  metropolitan  area,  14  percent  either 
began  or  ended  within  the  area,  and  only  3 
percent  passed  through  on  the  way  to  and 
from  points  outside  of  the  area.  On  Sundays 
the  intra-metropolitan  area  trips  dropped  to 
less  than  78  percent  of  the  total,  with  corre- 
sponding increases  to  19  percent  in  trips  with 
one  terminus  outside  of  the  area  and  to  4 
percent  in  the  through  traffic. 

On  both  weekdays  and  Sundays  the  George 
Washington  Bridge  handled  the  major  share 
of  the  trans-Hudson  trips  which  had  both 
ends  outside  of  the  metropolitan  area.     Pre- 

Table  1. — Average  daily  motor-vehicle  traffic 
by  day  of  week  and  t 


sumably  this  reflects  the  role  of  the  .\e 
Jersey  Turnpike  in  handling  this  traffic,  mo 
of  which  is  oriented  in  a  southwest-northea 
direction.  There  was  a  very  close  similarii 
in  the  distribution  of  trips  through  tl 
Lincoln  and  Holland  Tunnels,  as  betwei 
these  three  basic  categories  of  origins  ai 
destinations.  The  two  tunnels  handled  ve 
little  of  the  traffic  passing  entirely  throu; 
the  metropolitan  area  on  weekdays. 

A  segregation  of  the  total  trans- Hudl 
vehicle  trips  into  those  originating  or  tern 
nating  in  each  county,  as  shown  in  figure 
indicated  that  the  Manhattan  cbd  (centi 
business  district)  accounted  for  the  large 
share  of  the  traffic  in  1958 — a  third  of  t 
weekday  total.  It  also  showed  that  west 
the  Hudson  River  three  counties — Beige 
Hudson,  and  Essex — produced  nearly  tw 
thirds  of  the  total  trans-Hudson  weekd^ 
trip  origins  and  destinations. 

The  analysis  also  illustrated  the  significa 
differences  that  existed  between  weekday  a: 
Sunday  traffic  patterns.  East  of  the  Huds 
River,  49  percent  of  the  total  trans-Huds 
vehicle  trips  began  or  ended  in  Manhattan 
the  average  weekday  in  1958;  on  Sunda 
however,  this  proportion  dropped  sharply 
38  percent.  Without  exception,  all  of  t 
other  areas  east  of  the  Hudson  River  ! 
counted  for  larger  proportions  of  the  to 
traffic  on  Sundays  than  on  weekdays.  Wi 
of  the  Hudson  River,  the  traffic  patterns  a 
shifted  toward  the  periphery  on  Sunda 
Traffic  to  and  from  the  core  area,  particula: 
Hudson  County,  dropped  sharply  on  Sunda 
whereas  both  the  northern  area  and  south] 
area  experienced  large  Sunday  increases  ) 
compared  with  their  weekday  share  of  1 
traffic. 

Lines  of  travel 

In  order  to  get  a.  reasonably  accurate  pictS 
of  the  primary  lines  of  travel  of  the  19 
trans-Hudson  traffic  and  to  array  the  ma| 
different  trip  origins  and  destinations  cove 
in  the  survey  into  patterns  that  would  aic 
determining  the  points  of  greatest  tra 
Hudson  traffic  demand,  the  trips  were  set: 
gated  into  30  different  lines  of  travel  betwi 

in   1958  at  3  Hudson   River  crossings, 
ype  of  vehicle ' 


Type  of  day  at  crossing 


George  Washington  Bridge 

All  days 

Weekdays 

Saturdays  

Sundays -   .._.. 

Lincoln  Tunnel: 

All  days 

Weekdays 

Saturdays  

Sundays 

Holland  Tunnel: 

All  days 

Weekdays.. . 

Saturdays  

Sundays 

ill      crossings  combined 

All  days 

Weekdays—  

Saturdays  

Sundays 


Automobiles 


88, 840 
S4.0O2 
94,  358 
105, 695 


52,  889 
50,  343 
58,  100 
60, 114 


41,523 
37,  581 
47,  976 
53,  575 


183,  252 
171,926 
JOII.434 
219,  384 


Trucks 


,843 
,966 


053 
239 
665 

06S 


701 
6611 
184 
954 


597 
865 
729 
263 


Total  auto- 
mobiles and 
trucks 


95,  683 
92, 968 
97,  238 
106,  936 


61,942 
62,  582 
60,  765 
61, 182 


55.  224 
56, 241 
51. 160 
55,  529 


212,849 
211,791 
209. 163 
223, 647 


Buses 


1.754 
2, 008 
1.236 
1,129 


6,  236 
6,  740 
5.  416 
4,  766 


357 
347 
412 
345 


8,  347 

9,  095 

7,064 
6,240 


Total  all 
vehicles 


97, 437 
94, 976 
98,  474 

I  M.S.  01',-, 


68, 178 
69, 322 
66, 181 
65, 948 


55,  581 

56,  5KN 
51,  572 
55, 874 


221,  196 
220.  SS6 
216.227 
229.  887 


i  From  actual  counts  at  the  facilities. 
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PASSAIC 


ROCKLAND,  ORANGE 
UPSTATE  N.Y. 


BERGEN 


WESTCHESTER 
&  NORTH 


6.4     6.5 


ESSEX 

13.6 

12.4 

MORRIS 


UNION     & 
STATEN     IS. 

5.7     5.4 
i         <  ■»■ 

1      1  ifflwwiffl^ 

OTHER 

STATES 

9.1 

11.8 

1 

4.7 

HI 


7.4 


10.0 

11.3 

| 

WEST   OF 

HUDSON 

RIVER 


EAST   OF 


>V"     HUDSON 
RIVER 


WEEKDAY    SUNDAY 


AVERAGE  DAILY  VEHICLES:     Weekday     211,791 

Sunday        223,647 


SOMERSET,  MIDDLESEX 
MONMOUTH  &  OTHER  N.J. 


HUDSON 


7.9 


V2J>_ 

Js 


21.6 

13.1 


BROOKLYN 

14.8 

16.7 

J 

BRONX 


11.0 

13.2 

H 

MANHATTAN 
NORTH  OF  59TH  ST 

15.0 

16.6 

MANHATTAN  C  B  D 


33.9 

21.5 

NASSAU  &  SUFFOLK 


QUEENS 


10.4 


13.5 


Figure  2.— Percentage  distribution  of  origins  and  destinations  of  trans-Hudson  traffic  by  conn  lies  on  average  weekdays  and 

Sundays  in  1958. 
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Table  2. — Percentage  distribution  of  trans-Hudson  vehicle  trips  in  1958  by  facility 
and  by  trip  origin  and  destination  in  relation  to  the  metropolitan  area 


Crossing 

Percentage  distri- 

Percentage distribution  according  to  trip  end 

bution  by  facility 

Weekdays 

Sundays 

Week- 
days 

Sundays 

Both 

ends 

in  area 

One  end 
outside 

Both 

ends 
outside 

Both 

ends 
in  area 

One  end 

outside 

Both 

ends 

outside 

George  Washington  Bridge 

43.9 
29. 6 
26.5 

100.0 

47.8 
27.4 
24.8 

100.0 

80.4 
86.0 
85.1 

83.4 

13.5 

13.6 
14.3 

13.7 

6.1 
.4 
.6 

77.1 

78.2 
77.1 

77.5 

15.8 
21.2 
22.3 

18.8 

7.1 
.6 
.6 

3.7 

Holland  Tunnel  

Three  crossings  combined — 

2.9 

6  zones  west  of  the  Hudson  River  and  5  east 
of  the  river.     This  is  shown  in  table  3. 

Examination  of  the  data  indicates  again  the 
considerable  difference  between  weekday  and 
Sunday  traffic  patterns  in  many  cases. 
Weekday  patterns  are  oriented  much  more 
closely  around  the  Manhattan  cbd  and  t  In- 
central  area  of  New  Jersey.  For  example, 
trips  between  the  Manhattan  cbd  and  Hudson 
County,  which  comprised  9  percent  of  the 
total  trans-Hudson  trips  on  weekdays,  dropped 
to  4  percent  on  Sundays.  Sunday  patterns 
tend  more  toward  the  outlying  areas,  empha- 
sizing the  desirability  of  peripheral  routes. 
If  peripheral  traffic  is  considered  as  those 
vehicles  which  have  neither  origin  nor  desti- 
nation in  the  Manhattan  cbd  or  in  Hudson 
County,  the  peripheral  traffic  accounted  for 
53  percent  of  the  total  on  weekdays  and  69 
percent  on  Sundays. 

Choice  of  crossing 

In  figure  3,  trans-Hudson  traffic  of  an  an- 
nual average  day  in  1958  has  been  further 
grouped  into  nine  basic  lines  of  travel  in  order 
to  show  how  traffic  over  each  of  the  nine 
lines  was  distributed  among  the  three  Hudson 
River  crossings.  The  origin-destination  group- 
ings used  were  as  follows:  Northwest — Bergen, 
Passaic,  and  north;  Central  West — North 
Hudson,  Essex,  and  Morris;  Southwest — Union, 
Smith  Hudson,  and  south;  Northeast — Man- 
hattan north  of  59th  St.,  Bronx,  and  north; 
Central  East— Manhattan  from  Houston  St. 
to  59th  St.,  Queens,  Nassau,  and  Suffolk; 
Southeast — Manhattan  south  of  Houston  St., 
and  Brooklyn. 

It  can  be  seen  that  most  of  the  traffic  over 
the  three  east-west  lines  of  travel  (northwest- 
northeast,  central  west-central  east,  and 
southwest-southeast)     used     the     closest     fa- 


cility. The  choice  of  facility  made  by  ve- 
hicles traveling  over  the  diagonal  lines  of 
travel,  however,  reflected  to  a  considerable 
extent  the  highways  available.  Thus,  66  per- 
cent of  the  traffic  moving  over  the  south- 
west-northeast line  used  the  George  Wash- 
ington Bridge — the  most  northerly  of  the 
three  crossings — and  proceeded  up  and  down 
the  Hudson  River  on  the  west  side,  prob- 
ably utilizing  the  New  Jersey  Turnpike. 
On  the  other  hand,  over  the  northwest-south- 
east line  of  travel,  56  percent  used  the  George 
Washington  Bridge  and  only  44  percent 
traveled  west  of  the  river,  a  reflection  of  the 
fact  that  there  was  no  really  good  express 
route  west  of  the  river  oriented  in  a  north- 
west-southeast direction. 

Truck  origins  and  destinations 

Truck  traffic  over  the  three  Hudson  River 
crossings  in  1958  constituted  about  18  per- 
cent of  the  total  weekday  traffic.  At  the 
Holland  Tunnel  approximately  one-third  of 
the  weekday  vehicles  were  trucks.  Since  the 
average  truck  uses  as  much  crossing  capacity 
as  at  least  two  automobiles,  it  can  be  said  that 
nearly  50  percent  of  the  Holland  Tunnel 
weekday  capacity  and  30  percent  of  the  com- 
bined weekday  capacity  of  the  three  Hudson 
River  crossings  was  utilized  by  trucks. 

In  view  of  the  importance  of  these  truck 
movements  from  a  capacity  standpoint,  a 
separate  analysis  was  made  of  weekday 
truck  origins  and  destinations.  The  analy- 
sis showed  a  considerably  greater  concen- 
tration of  truck  origins  and  destinations  than 
was  the  case  for  automobiles.  East  of  the 
river,  nearly  41  percent  of  the  trans-Hudson 
truck  trips  began  or  ended  in  the  Manhattan 
cbd,  with  15  percent  destined  to  or  from  the 
area  below  Houston  Street,   15  percent   from 


Houston  to  34th  Street,  and  11  percent  froi 
34th  to  59th  Street.  Another  20  perceil 
had  origins  or  destinations  in  Brooklyn  an, 
15  percent  in  Queens  and  Long  Island. 

West  of  the  Hudson  River,  Hudson  Counlj 
was  the  largest  generator  of  truck  trafffi 
nearly  36  percent  of  the  weekday  trans-Hu<, 
son  truck  trips  started  or  finished  in  th 
county  and  Staten  Island.  More  than  ha, 
of  these  trips  were  destined  to  or  from  til 
Manhattan  cbd,  with  a  fairly  even  split  ' 
route  between  the  Holland  and  Lincoln  Tu: 
nels.  Approximately  15  percent  of  the  true] 
trip  origins  and  destinations  west  of  the  rivj 
were  found  in  Essex  County,  with  a  conce| 
tration  of  these  in  Newark. 

There  is  a  certain  amount  of  ambiguity  ll 
these  Hudson  and  Essex  County  truck  trl 
figures.  A  number  of  over-the-road  tru« 
terminals  located  in  those  counties  were  us| 
as  break-bulk  points  or  places  where  a  chan| 
was  made  from  an  over-the-road  to  a  loql 
driver.  Thus,  an  undetermined  number  j 
truck  trips  which  appeared  to  originate  1 
terminate  in  Hudson  and  Essex  Countii 
probably  were  over-the-road  trips  or  wel 
carrying  over-the-road  freight.  In  this  col 
nection,  it  is  interesting  to  note  that  20  pf 
cent  of  the  truck  trips  over  the  three  Poj 
Authority  Hudson  River  crossings  in  19. 
had  either  their  origin  or  destination  oi, 
side  of  the  Port  District,  and  about  3  p< 
cent  were  through  trips  having  both  orig 
and  destination  outside.  Comparative  fi 
ures  for  automobiles  were  12  percent  and| 
percent,  respectively. 

The  geographic  distribution  of  truck  tr 
movements  is  shown  in  figure  4. 

Trends    in    Origin-Destination 
Patterns 

To  utilize  origin-destination  informatii 
in  planning  for  future  vehicular  needs,  it 
necessary  to  obtain  not  only  a  knowled 
of  current  traffic  patterns  but  also  an  und< 
standing  of  the  trends  that  have  developed 
these  patterns,  particularly  in  the  postw 
years.  These  trends  can  then  be  related 
shifts  in  the  geographic  concentrations 
population  and  industry  which  have  tak 
place  in  the  past  within  the  metropolit 
area  and  are  expected  to  occur  in  the  futu 
and  forecasts  of  future  origin  and  destinati 
patterns  can  thus  be  produced. 


Table  3.— Percentage  distribution  of  trans-Hudson  vehicle  trips  in  1958  among  30  primary  lines  of  travel 


To  or  from  zones  west  of  Hudson  River 

To  or  from  zones  east  of  Hudson  River 

Brooklyn 

Manhattan  cbd 

Upper  Manhattan 

Queens,  Nassau, 
Suffolk 

Bronx,  Westchester, 
upper  N.Y., 
New  England 

Total  east  of 
Hudson  River 

Weekday 

Sunday 

Weekday 

Sunday 

Weekday 

Sunday 

Weekday 

Sunday 

Weekday 

Sunday 

Weekday 

Sunday 

West  Bergen,  Passaic,   Rockland,   Orange, 
other  north 

3.2 
1.1 
2.9 

1.6 
2.9 

3.5 

15.2 

5.2 
1.5 
2.9 

1.  1 
1.3 

4.9 

7.7 
4.5 
6.0 

4.3 

4.7 

6.3 
33.5 

5.2 
2.6 
3.9 

1.8 
2.3 

5.3 

5.0 
4.1 
1.8 

1.0 
1.1 

2.0 

5.2 
3.9 
2.5 

1.0 
1.0 

3.5 

17.1 

3.4 
1.6 
2.6 

1.6 

1.8 

4.2 

15.2 

5.1 
2.7 
3.4 

1.2 
1.4 

6.7 

20.5 

5.4 
3.8 
2.6 

1.4 
1.6 

6.3 

6.1 
4.5 
2.9 

1.1 
1.4 

8.4 

24.4 

24.7 
15.1 
15.9 

9.9 
12.1 

22.3 

26.8 
15.2 
15.6 

6.2 
7.4 

28.8 

East  Bergen.. 

Morris,  Essex 

North  Hudson __  ...  . 

South  Hudson,  Staten  Island 

Union,    Somerset,    Middlesex,    Monmouth, 
other  N.J.,  other  States 

Total  west  of  Hudson  R 

16.9 

21.1 

15.0 

21.1 

100.0 

100.0 
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In  identifying  trends  in  trans-Hudson  trip 
irigin-destination  patterns,  through  compari- 
on  of  the  1958  continuous  survey  results 
/ith  the  results  of  the  "one-shot"  surveys  of 
949  and  1956,  it  was  necessary  to  keep  in 
lind  that  certain  statistical  variations  would 
ccur  which  do  not  reflect  basic  trend  changes. 


NW-NE 


The  following  discussion  of  trends,  therefore,  vehicle    trips    were    included    in    the    1949 

is   concentrated  primarily  on  those   changes  figures. 
that  showed  up  over  the  whole  period  from 

1949   to    1958  rather  than  on   changes   that  General  changes 

appeared  only  between  1956  and  1958.  Be-  Comparison  of  the  1958  and  1949  traffic 
cause  a  substantial  number  of  vehicles  crossed  data,  presented  in  table  4,  showed  that 
the  Hudson  River  by  ferry  in  1949,  such  without  exception  traffic  originating  or  ter- 
NW-CE  NW-SE 


SW-NE 


CW-CE 


SW-CE 


CW-SE 


SW-SE 


Figure  3. — Percentage  distribution  of  trans-Hudson  vehicular  traffic  in  1958  over  nine  primary  lines  of  travel,  by  facility  used. 
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BERGEN 


BRONX 


BROOKLYN 


UNION 


WEST  BERGEN,  PASSAIC  AND  NORTH 


BRONX,  WESTCHESTER  AND  NORTH 


ESSEX  AND  MORRIS 


BROOKLYN,  QUEENS  AND  LONG  ISLAND 


RIVERFRONT  (e.  bergen,  Hudson,  s.  i.) 


MANHATTAN    CBD 


UNION  AND  SOUTH 


MANHATTAN  (north  of  59th  st.) 


Figure  4. — Geographic  distribution  of  trans-Hudson  truck  traffic  on  an  average  weekday  in  1958. 
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rahle  4. — Trends  in   trans-Hudson  vehicular  trips  on  weekdays  and  Sundays,   1949-58, 
according  to  origin  and  destination 


Area  of  origin  or  destination 


East  of  HudsoD: 
Manhattan  cbd 

Manhattan  north  of  59th  St 

Subtotal  Manhattan 

Bronx 

Westchester  and  north 

Brooklyn --- 

Queens 

Nassau,  Suffolk 

Total  east  of  Hudson  R.. 

West  of  Hudson  R.: 
Rockland,  Orange,  upstate 

N.Y 

Bergen.. 

Passaic 

II  udson.  -  _ - 

Essex 

Morris -- 

Union,  Staten  Island.. 

Middlesex,  Monmouth  and 

other  N.J 

Other  States -.. 

Total  west  of  Hudson  R.. 


Number  of  vehicle  trips 


Average  weekday 


1940  1 


52, 525 
17, 776 

70, 301 
13, 365 
12, 162 
20, 048 
13,  232 
4,544 

133,652 


7,  752 
27,  800 
10,291 
35.016 
24, 057 
2,673 
7,084 

8,955 

10,024 

133, 652 


1958 


71.797 
31,769 

103, 566 
23.  297 
21.179 
31.345 
22,026 
10,  378 

211,791 


9,  954 
60,784 
13,  555 

45.  747 
28  sol 
4,871 
12.072 

16,731 
19,  273 


In- 
crease ■' 


58.5 


28.4 
118.6 
31.7 
30.6 
19.7 
82.2 
70.4 

86.8 
92.3 

58.5 


Average  Sunday 


158,  203 


16,  453 
33,  222 
12, 182 
22,  939 
24, 838 
5,  379 
9,018 

16,611 
17,561 

158,203 


1958 


is  OM 
37, 126 

85,  210 
29,  521 
25.  272 
37,349 
30. 192 
16, 103 

223,  647 


16,550 
61,950 
14,  537 
29,  298 
27, 732 
7,157 
12, 077 

27,  956 
26,  390 

223,  647 


In- 
crease 2 


Percent 
42.7 
52.4 

46.8 
28.7 
32.0 
34.1 

44.6 
72.5 

41.4 


86.5 
19.3 
27.7 
11.7 
33.1 
33.9 

68.  3 
50.3 

41.4 


Percentage  distribution 


Weekdays 


1949  i       1958 


39.3 
13.3 

52.6 
10.0 
9.1 
15.0 
9.9 
3.4 

100.0 


5.8 
20.8 

7.7 
26.2 
18.0 

2.0 

5.3 

6.7 
7.5 

100.0 


33.9 
15. 0 

48.9 
11.0 
10.0 
14.8 
10.4 
4.9 

100.0 


4.7 
28.7 

6.4 
21.6 
13.6 

2.3 

5.7 

7.9 
9.1 

100.0 


Sundays 


1949  i       1958 


21.4 
15.5 

36.9 
14.1 
12.4 
17.7 
13.2 
5.7 

Hill  II 


10.4 
21.5 

7.6 
15.  7 
15.4 
3.3 
5.6 

10.1 
10.4 


21.5 
16,  6 

38.1 
13.2 
11.3 

16.  7 
13.5 
7.2 


100.  0 


7.4 
27.7 

6.5 
13.1 
12.4 

3.2 

5.4 

12.5 
11.8 


1  Includes  vehicles  on  Hudson  River  ferries.       2  1958/1949. 

limiting  in  each  of  the  counties  in  the 
aetropolitan  area  had  increased  both  on 
•eekdays  and  on  Sundays.  There  were, 
owever,  marked  differences  in  the  amount  of 
rowth  produced  in  the  different  counties, 
articularly  on  weekdays  and  in  those 
ounties  located  west  of  the  Hudson  River, 
n  general,  as  might  be  expected  from  the 
opulation  and  industry  trends  in  the  metro- 
iolitan  area,  the  traffic  growth  was  most 
renounced  in  the  outlying  counties,  with  the 
reas  in  the  core  lagging  behind.  This,  of 
ourse,  emphasizes  the  growing  importance  of 
eripheral  facilities  and  routings,  especially 
ince  future  population  and  industry  growth 
a  the  metropolitan  area  is  expected  to  be 
oncentrated  in  the  outlying  areas. 

West  of  the  Hudson  River,  Bergen,  Morris, 
nd  Union  Counties  and  areas  to  the  south 
nd  west  of  Union  all  have  shown  greater 
han  average  increases  in  weekday  trans- 
ludson  trip  origins  and  destinations  since 
949.  The  older  counties  of  Hudson,  Essex, 
nd  Passaic,  in  contrast,  recorded  substan- 
ially  less  than  average  growth  during  this 
eriod.  This  is  particularly  significant  be- 
ause,  next  to  Bergen  County,  these  three 
lder  counties  have  been  the  largest  trans- 
ludson  traffic  generators  west  of  the  river. 

Although  average  Sunday  trans-Hudson 
raffle  has  risen  more  slowly  since  1949  than 
las  the  average  weekday  traffic  (41  percent 
or  Sundays  as  compared  with  59  percent  for 
weekdays)  substantially  the  same  differential 
;rowth  trends  which  occurred  on  weekdays 
a  the  counties  west  of  the  Hudson  River  also 
ook  place  on  Sundays.  Thus,  Sunday 
raffic  volumes  to  and  from  the  outlying 
reas,  particularly  Bergen,  Middlesex,  Mon- 
nouth,  and  the  south,  had  high  growth  rates 
diereas  Hudson,  Essex,  and  Passaic  had  less 
han  average  increases. 

East  of  the  Hudson  River,  weekday  traffic 
o  and  from  the  Manhattan  cbd  has  increased 
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considerably  less  than  the  average.  This, 
too,  is  significant  because  in  1958  the  Man- 
hattan cbd  still  accounted  for  one-third  of  all 
weekday  trans-Hudson  trip  origins  and  desti- 
nations. Traffic  to  and  from  Brooklyn  and 
Queens  experienced  average  growth;  origins 
or  destinations  in  Manhattan  above  59th 
Street,  the  Bronx,  Westchester,  and  north 
increased  at  a  somewhat  faster  than  average 
rate;  and  traffic  generated  in  Nassau  and 
Suffolk  grew  at  a  considerably  faster  than 
average  rate.  As  to  Sunday  traffic,  with  the 
exception  of  Nassau  and  Suffolk  which  had 
increases  of  73  percent,  all  of  the  other 
counties  east  of  the  Hudson  showed  about  an 
average  or  less  than  average  rate  of  growth. 
It  is  interesting  to  note  that  in  contrast  to  its 
weekday  trend,  the  Manhattan  cbd  Sunday 
trans-Hudson  origins  and  destinations  grew 
at  a  slightly  higher  rate  than  the  average 
amount  of  41  percent  over  the  10-year  period. 
A  comparison  of  the  1958  data  with  the 
1956  survey  data  (not  included  in  this  report) 
showed  two  interesting  developments  which, 
because  of  their  consistency  in  all  segments  of 
the  traffic,  appeared  to  be  bona  fide  trend 
developments  rather  than  statistical  varia- 
tions. In  1956,  traffic  to  and  from  Orange, 
Rockland,  and  upstate  New  York  dropped 
sharply  as  a  proportion  of  the  total  trans- 
Hudson  traffic.  Presumably  this  was  occa- 
sioned by  diversions  to  the  newly-opened 
Tappan  Zee  Bridge,  the  Hudson  River 
crossing  of  the  New  York  Thru  way  located 
about  15  miles  north  of  the  George  Washington 
Bridge.  In  1958,  however,  this  segment  of 
traffic  began  to  rise  again,  both  on  weekdays 
and  Sundays.  It  may  be  expected  that  this 
traffic  will  continue  to  rise  as  motorists  be- 
come more  familiar  with  the  advantages  of 
the  Palisades  Interstate  Parkway  route 
(completed  August  1958),  running  north 
from  the  George  Washington  Bridge  on  the 
west  side  of  the  Hudson  River. 


Average  Sunday  trans-Hudson  traffic  vol- 
umes in  1958  dropped  below  the  1957  totals 
and  were  virtually  the  same  as  those  of  1956. 
Comparison  of  the  1958  with  the  1956  survey 
results  indicated  that  a  major  reason  for  this 
poor  Sunday  record  was  a  substantial  drop  in 
traffic  to  and  from  points  outside  of  the  metro- 
politan area  to  the  south  and  west  and  the 
northeast.  After  increasing  from  15  percent  of 
the  Sunday  traffic  in  1949  to  21  percent  in 
1956,  vehicle  trips  originating  or  terminating 
in  areas  south  and  west  of  the  metropolitan 
area  declined  to  17  percent  in  1958.  Similarly, 
vehicle  trips  destined  for  New  England  and  up- 
state  New  York  east  of  the  Hudson  River  ac- 
counted for  6.7  percent  of  total  Sunday  trans- 
Hudson  traffic  in  1949,  7.5  percent  in  1956,  but 
only  6.5  percent  in  1958.  It  is  very  likely  that 
both  the  recession  and  the  abnormally  poor 
weather  in  1958  contributed  to  this  drop  in  the 
relatively  long-haul  Sunday  traffic,  and  it  is  to 
be  expected  that  the  1959  survey  results  will 
show  a  resurgence  in  this  traffic. 

Truck  trip  trends 

Weekday  trans-Hudson  truck  traffic  in- 
creased only  23  percent  from  1949  to  1958,  as 
compared  with  the  59  percent  growth  in  total 
trans-Hudson  traffic  over  the  same  period. 
Changes  in  truck  origin  and  destination  pat- 
terns since  1949  also  were  less  pronounced  than 
those  shown  for  all  vehicle  trips  combined.  The 
dominant  fact  revealed  by  analysis  of  truck 
trends,  however,  is  that,  despite  this  relative 
stability,  the  truck  trends  show  the  same  tend- 
ency found  in  the  analysis  of  total  trans-Hud- 
son traffic  volumes:  a  lessening  of  the  impor- 
tance of  the  core  areas  and  increased  importance 
of  the  outlying  areas  as  traffic-generators. 

The  distributions  of  truck  trip  origins  and 
destinations  in  1949  and  in  1958  are  shown  in 
table  5.  East  of  the  Hudson  River,  47  percent 
of  the  weekday  truck  trips  originated  or  ter- 
minated in  the  Manhattan  cbd  in  1949,  Knit 
this  figure  had  declined  to  41  percent  in  1958. 

Table  5. — Trends  in  weekday  trans-Hudson 
truck  trips,  1949-58,  according  to  origin 
and  destination  ' 


Area  of  origin  or  destination 


East  of  Hudson  R.: 

Manhattan  cbd 

Manhattan,  north  of  59th  St. 

Bronx 

Westchester- -. 

Brooklyn 

Queens.. . 

Nassau,  Suffolk 

Upper  N.Y.  and  N.  Eng 

Total  east  of  Hudson  R 

West  of  Hudson  R.: 
Orange,  Rockland,  upper  N.Y 

Bergen 

Passaic 

Hudson 

Essex.. --. 

Morris 

1'nion  and  Staten  Island 

Somerset,      Middlesex,     Mon 

mouth 

Other  N.J. 

Other  States 

Total  west  of  Hudson  R 


Percentage  distribu 
tion  in— 


1949  -• 


46.5 
5.4 
7.7 
3.0 
19.1 
10.  6 
2.6 
5.1 

100.0 


4.5 
9.7 
6.1 
40.4 
17.1 
1.1 
4.4 
4.3 

2.7 

9.7 

100.0 


100.0 


3.1 

12.5 
6.0 
35.7 
15.  5 
1.3 
5.6 
4.5 

3.0 

12.8 


i  The  average  numbers  of  weekday  truck  trips  were 
33,446  in  1949  and  41.234  in  1958. 

-  Includes  trucks  on  Hudson  River  ferries. 
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Manhattan  north  of  59th  Street  also  experi- 
enced a  modest  decline  in  its  proportionate 
share  of  the  traffic.  The  only  areas  whose  share 
of  the  total  traffic  increased  substantially  were 
Nassau  and  Suffolk  and  upper  New  York  and 
New  England.  West  of  the  Hudson  River,  the 
total  truck  traffic  originating  or  terminating  in 
Hudson  County  declined  from  40  percent  in 
1949  to  36  percent  in  1958.  The  total  truck 
traffic  also  dropped  in  Essex  County,  from  17 
percent  in  1949  to  16  percent  in  1958.  Bergen 
County,  in  contrast,  produced  less  than  10  per- 
cent of  the  truck  trips  in  1949  but  accounted 
for  13  percent  in  1958. 

The  Tappan  Zee  Bridge  diversions  and  the 
recession  and  bad  weather  in  1958  had  much 
the  same  effect  on  west-of-the-river  truck 
origin  and  destination  patterns  as  was  ob- 
served for  the  total  trans-Hudson  traffic. 
Truck  trips  to  and  from  Orange,  Rockland, 
and  upper  New  York  declined  from  4.5  percent 
of  the  total  in  1949  to  1.9  percent  in  1956  but 
increased  to  3.1  percent  in  1958.  Truck  trips 
to  and  from  points  south  and  southwest  of  the 
metropolitan  area  rose  from  12.4  percent  of  the 
total  in  1949  to  19.7  percent  in  1956  but 
dropped  sharply  in  1958  to  15.8  percent. 

Lincoln  Tunnel:  Effect  of  third  tube 

The  opening  of  the  third  tube  of  the  Lincoln 
Tunnel  in  May  1957,  which  provided  addi- 
tional traffic  lanes  for  this  facility,  eliminated 
the  congestion  and  resulting  delays  which  had 
been  occurring  there  regularly  during  peak 
periods.  The  availability  of  this  faster  route 
through  the  Lincoln  Tunnel  resulted  in  both 
traffic-generation  and  diversion  from  other 
facilities,  as  shown  by  the  fact  that  the  tun- 
nel's share  of  the  total  trans-Hudson  traffic 
(including  buses)  increased  from  27.7  percent 
in  1956  before  the  third  tube's  opening  to  30  8 
percent  in  1958. 

A  special  "before  and  after"  study  was  made 
of  the  1956  and  1958  survey  results  to  meas- 
ure the  changes  in  trans-Hudson  origin  and 
destination  patterns  which  were  produced  by 
the  additional  capacity  at  the  Lincoln  Tunnel. 
The  study  showed  that  each  of  the  primary 

Table  6. — Percentage  of  total  trans-Hudson 
vehicular  traffic  which  used  the  Lincoln 
Tunnel,  1956-58 


Table  7. — Percentage  distributions  showing  seasonal  variations  of  trans-Hudson  week 
day  vehicular  trips  in  1958  among  30  primary  lines  of  travel 


Area  of  origin  or  destination 

1956 

1958 

East  of  Hudson  R.: 
Manhattan  cbd 

Manhattan,  north  of  59th  St. . . 

Pet. 

1  42.2 

19.2 

5.9 

5.4 

17.0 

32.3 

25.2 

23.2 

6.5 

26.1 

6.7 
13.1 
42.9 
33.6 
30.9 
49.6 
25.1 
26.0 
30.8 
34.3 
26.7 

Pet. 
'47.5 
22.9 
5.1 
6.0 
22.2 
39.2 
32.7 
32.2 
4.2 

29.5 

11.3 
15.1 
47.1 
40.4 
35.8 
52.7 
26.4 
29.6 
34.3 
35.2 
30.3 

Nassau 

Suffolk.      

Upper N.Y.and  N.  Eng 

Total  east  of  Hudson  R 

West  of  Hudson  R.: 
Orange,  Rockland,  upper  N.Y. 

Hudson .     -. 

Union  and  Staten  Island 

Middlesex 

Monmouth _     . 

Other  N.J.  and  other  States ..- 
Total  west  of  Hudson  R 

26.1 

29.5 

To  or  from  zones  east  of  Hudson  River 

To  or  from  zones  west 
of  Hudson  River 

Season  i 

Brooklyn 

Manhat- 
tan CBD 

Manhat- 
tan north 
of  59th  St. 

Queens, 
Nassau, 
Suffolk 

Bronx, 

Westchest- 
er, upper 
N.Y.,New 
England 

Total 

east  of 

Hudson 

River 

West  Bergen,  Passaic, 
Rockland,  Orange, 
other  north . 

fist 

2d 

2.8 
3.6 
3.6 
2.8 
3.2 

1.0 
1.2 
1.1 
1.1 
1.1 

2.9 
2.8 
2.9 
3.0 
2.9 

1.9 
1.6 
1.4 
1.7 
1.6 

3.0 
2.7 
2.7 
3.1 
2.9 

3.2 
3.2 
4.1 
3.2 

3.5 

14.8 
15.1 
15.8 
14.9 
15.2 

8.1 

7.7 
7.5 
7.6 

7.7 

5.4 
4.7 
4.0 
4.2 
4.5 

6.5 
6.0 
5.5 
6.2 

6.0 

4.5 
4.1 
4.0 
4.4 
4.3 

5.1 
4.6 
4.7 
4.8 
4.7 

6.5 
6.5 
6.1 
6.3 
6.3 

36.1 
33.6 
31.8 
33.5 
33.5 

5.1 
5.1 
4.6 
5.2 
5.0 

4.5 
3.8 
3.9 
4.3 
4.1 

1.9 
1.7 
1.8 
1.6 
1.8 

1.3 

.9 

.9 

1.1 

1.0 

1.4 
1.1 
1.0 
1.1 
1.1 

1.8 
2.2 
2.1 

1.9 
2.0 

16.0 
14.8 
14.3 
15.2 
15.0 

3.1 
3.4 
3.5 
3.4 
3.4 

1.3 

1.7 
1.8 
1.6 
1.6 

2.2 
2.9 
2.8 
2.6 
2.6 

1.7 
1.4 
1.5 
1.7 
1.6 

1.8 
2.0 
1.9 
1.6 
1.8 

4.0 
4.3 
4.6 
3.9 
4.2 

14.1 
15.7 
16.1 
14.8 
15.2 

5.3 
5.5 
5.4 
5.3 
5.4 

4.0 
3.6 

3.6 
4.0 
3.8 

2.2 
2.8 
2.7 
2.5 
2.6 

1.3 
1.4 
1.5 
1.4 

1.4 

1.6 
1.4 
1.5 
1.7 
1.6 

4.6 
6.1 
7.3 
6.7 
6.3 

19.0 
20.8 
22.0 
21.6 
21.1 

24.4 
25.3 
24.6 
24.3 
24.7 

16.2 
15.0 
14.4 
15.2 
15.1 

15.7 
16.2 
15.7 
15.9 
15.9 

10.7 
9.4 
9.3 

10.3 
9.9 

12.9 
11.8 
11.8 
12.3 
12.1 

20.1 
22.3 
24.2 
22.0 
22.3 

100.0 
100.0 
100.0 
100.0 
100.0 

{3d 

Uth 

[Year 

fist 

2d    

^3d 

4th.. 

lYear 

fist. 

2d 

^3d 

South   Hudson,   Staten 
Island ... 

Uth 

lYear 

fist - 

2d 

hd 

4th 

lYear 

fist - 

2d... 
m 

4th 

[Year 

fist — 

2d __ 

Union,  Somerset,  Mid- 
dlesex, Monmouth, 
other  N.J.,  other 
States 

hd 

4th 

[Year 

fist 

2d 

Total  west  of  Hudson  R. 

hd    

4th 

[Year 

1  The  seasons  and  the  average  weekday  trips  in  each  are:  1st,  Jan.-Mar.,  181,670  trips;  2d,  Apr -June,  217,545  trips; 
3d,  July-Sept.,  230,889  trips;  4th,  Oet.-Dec,  216.332  trips;  annual  average,  211,791  trips. 


1  If  buses  were  included  these  figures  would  be  46  per- 
cent in  1956  and  52  percent  in  1958. 


trans-Hudson  traffic-generating  areas  in- 
creased its  proportionate  usage  of  the  Lincoln 
Tunnel  in  1958  but  that  certain  of  these  areas 
experienced  larger  increases  than  others. 

On  an  average  weekday  in  1958  about  41,000 
automobiles,  trucks,  and  buses  destined  to  or 
from  the  Manhattan  cbd  passed  through  the 
Lincoln  Tunnel.  This  amounted  to  52  percent 
of  the  total  weekday  trans-Hudson  vehicles 
with  cbd  origins  or  destinations,  as  compared 
with  the  46  percent  handled  by  the  tunnel  in 
1956.  Thus,  one  effect  of  the  opening  of  the 
third  tube  has  been  to  make  the  Lincoln  Tun- 
nel the  major  gateway  to  the  central  business 
sector  of  the  region.  As  shown  in  table  6,  the 
tunnel's  1958  share  of  the  total  trans-Hudson 
traffic  (excluding  buses)  to  and  from  Brooklyn, 
Queens,  and  Long  Island  also  increased  sub- 
stantially over  1956.  The  opening  of  the  third 
tube  had  little  or  no  effect  on  the  routing  of 
traffic  to  or  from  the  Bronx,  Westchester,  and 
north. 

West  of  the  Hudson  River,  the  opening  of 
the  third  tube  seems  to  have  resulted  in  a 
fairly  even  distribution  geographically  of  the 
increases  in  the  proportion  of  total  traffic 
using  the  Lincoln  Tunnel.  All  of  the  counties 
west  of  the  river  apparently  were  equally 
benefited  by  the  elimination  of  delays  at  the 
Lincoln  Tunnel.  The  primary  consideration 
which  produced  variations  in  the  amount  of 
trans-Hudson  traffic  diverted  to  the  tunnel  in 
1958  appears  to  have  been  the  relative  ad- 
vantages afforded  by  the  three-tube  tunnel  in 
serving  the  different  points  of  origin  or  destina- 
tion on  the  east  side  of  the  river. 


Seasonal,  Daily,  and  Hourly  Traffici 
Variations 

Information  concerning  average  annuaJ 
origin-destination  patterns  is  important  foi 
many  planning  purposes.  It  is  just  as  im- 
portant, however,  to  obtain  a  knowledge  oi 
peak  period  patterns,  which  provide  the  basis 
for  the  development  of  design  criteria  upoi 
which  the  physical  plans  for  vehicular  facilities 
are  based.  Seasonal  and  hourly  variations  ar 
two  important  indicators  of  peak  condition; 
One  of  the  great  advantages  of  a  continuou 
sampling  type  of  origin-destination  survej 
its  ability  to  develop  such  information. 

Seasonal  variations 

The  1958  survey  was  designed  to  providi 
seasonal  data  by  dividing  the  survey  perm 
into  four  13-week  quarters  approximateb 
equivalent  to  the  four  seasons  of  the  year) 
Framed  within  the  calendar  year,  January- 
March  was  labeled  the  first  season,  April- 
June  the  second,  July-September  the  third 
and  October-December  the  fourth.  Analysi 
showed  that  seasonal  variations  did,  in  fact 
exist,  particularly  in  traffic  to  and  fron 
certain  areas.  The  analysis  also  confirmei 
the  previous  belief  that  the  first  and  thin 
seasons  (winter  and  summer)  represent  tm 
extremes  in  seasonal  variations  in  origin 
destination  patterns  and  that  the  second  an< 
fourth  seasons  (spring  and  fall)  are  vef; 
similar  to  each  other  and  generally  fairl; 
representative  of  the  average  annual  pattern 
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The  size  of  the  1958  sample  on  weekdays 
nd  the  grouping  of  the  many  trips  into  the 

0  primary  lines  of  trans-Hudson  vehicular 
ravel  provided  sufficient  data  so  that  statist  i- 
ally  reliable  origin-destination  information 
/as  obtained  for  each  season  of  the  year, 
^he  sample  size  for  Sundays,  however,  while 
uffieient  to  yield  reliable  data  on  annual 
lunday  patterns,  was  too  small  to  permit  a 
ne  analysis  of  Sunday  traffic  patterns  in 
ach  season.  The  analysis,  therefore,  was 
oncentrated  primarily  on  weekday  seasonal 
ariations.  It  is  expected  that  combining  the 
959  origin-destination  survey  Sunday  data 
Wth  the  1958  Sunday  data  will  permit  a 
pliable  analysis  of  Sunday  seasonal  variations. 

As  shown  in  table  7,  traffic  to  and  from 
■Ianhattan  accounted  for  52  percent  of  the 
ital  trans-Hudson  weekday  vehicle  trips 
ast  of  the  Hudson  River  during  the  winter 

rst)  season  but  dropped  to  46  percent  during 

e  summer  (third)  period.  The  area  of  the 
ronx  and  north,  on  the  other  hand,  experi- 
nced  an  increase  in  its  share  of  the  total 
affic  from  a  winter  proportion  of  19  percent 

22  percent  in  the  summer.  Traffic  to  and 
om  Brooklyn,  Queens  and  Long  Island  also 
howed  modest  proportional  gains  in  summer. 

West  of  the  river,  the  largest  variation  was 
bserved  in  trips  to  and  from  Union  County 
nd  the  south,  which  accounted  for  24  per- 
ent  of  all  trans-Hudson  trips  in  the  summer 
ut  only  20  percent  in  the  winter.  Trips 
etween  this  area  and  the  area  of  the  Bronx 
nd  north  (east  of  the  Hudson  River)  experi- 
aced  the  largest  seasonal  variation,  produc- 
ng  7.3  percent  of  the  summer  traffic  but  only 
.6  percent  in  winter.  The  areas  adjacent  to 
nd  west  of  the  Hudson  River — East  Bergen, 
tforth  and  South  Hudson,  and  Staten  Island 
,11  produced  a  smaller  share  of  the  total  traffic 

1  the  summer  than  in  the  winter  months, 
i'here  was  little  noticeable  seasonal  variation 
i  the  other  areas  west  of  the  river. 

Further  study  of  the  data  showed  clearly 
hat  traffic  to  and  from  Union  County  and 
he  south  varied  seasonally  even  more  on 
undays  than  on  weekdays.  Vehicles  with 
rigins  or  destinations  in  this  area  accounted 
or  almost  one-third  of  the  total  trans-Hudson 
rips  on  summer  Sundays  as  compared  with 
pproximately  one-quarter  of  the  winter  Sun- 

Iay  trips.  Sunday  traffic  between  this  area 
nd  the  Bronx  and  north  produced  9.5  per- 
lent  of  the  summer  totals  and  only  7.2  percent 
If  the  winter  Sunday  volumes. 
I  It  is  presumed  that  the  primary  cause  of 
■hese  observed  seasonal  variations  is  that  the 
llistribution  between  business  and  nonbusi- 
ness trips  changes  markedly  from  season  to 
■eason.  These  changes  in  purpose  of  trip  are 
Shown  later  in  this  report.  Trips  with  a 
■msiness  purpose  tend  to  be  concentrated  in 
She  core  of  the  metropolitan  area,  and  it  is 
Mhese  areas  which  account  for  a  higher  propor- 
tion of  the  trans-Hudson  trips  in  the  winter 
lind  nonsummer  months.  Nonbusiness  trips, 
An  the  other  hand,  are  oriented  toward  the 
Iniore  peripheral  areas  which,  as  a  result, 
•  how  higher  proportions  in  the  summer  when 
iionbusiness  trips  reach  their  highest  level. 
Brhus,  it  follows  that  the  summer  months  and 
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Table  8. — Percentage  distribution  of  weekday  trans-Hudson  automobile  trips  in  1958, 
showing  peak-hour  origin-destination  patterns 


Area  of  origin  or  destination 

Both  di- 
rections, 
24  hours 

Predominant  direction 

Reverse  direction 

7-10  a.m. 
easthound 

4-7  p.m. 
westbound 

7-10  a.m. 
westbound 

4-7  p.m. 
eastbound 

East  of  Hudson  R.: 
Bronx,    Westchester  and   Manhattan    north  of 
59th  St 

21.3 
17.7 
31.8 
29.2 

100.0 

26.7 
15.7 
21.4 
36.2 

100.0 

21.9 

18.4 
39.3 
20.4 

100.0 

31.1 
12.4 
13.3 
43.2 

21.5 
18.4 
38.9 
21.2 

100.0 

30.9 
13.3 

17.5 
38.3 

25.4 
17.8 
17.5 
39.3 

23.2 

20.  7 
24.1 
32.0 

100.0 

28.4 
17.2 
20.1 
34.3 

100.0 

Manhattan  cbd 

Brooklyn,  Queens,  Long  Island 

Total  east  of  Hudson  R 

100.0 

30.0 
15.4 
19.5 
35.1 

West  of  Hudson  R: 
Rockland,  Orange,  Passaic,  West  Bergen,  up- 
state N.Y     .    ..  . 

Essex,  Morris -.        ._.   ...   ..     -..     _ 

East  Bergen,  Hudson,  Staten  Island 

Total  west  of  Hudson  R-.  

100.  0 

100.0 

100.0 

weekends  will  produce  the  peak  conditions 
which  peripheral  facilities  must  be  designed 
to  handle  but  that  facilities  serving  the  core 
areas  should  be  designed  for  commuter  peaks 
during  the  nonsummer  months. 

Hourly  variations 

Analysis  of  the  weekday  origin-destination 
data  for  1958  by  hour  of  the  day  and  by  direc- 
tion indicated  that  in  the  future  more  atten- 
tion must  be  focused  on  peak-hour  origin  and 
destination  patterns,  particularly  on  the  east 
side  of  the  Hudson  River.  The  survey  re- 
vealed that  large  differences  existed  between 
the  average  pattern  for  an  entire  weekday  in 
both  directions  and  the  patterns  which  oc- 
cur during  peak  periods  in  each  direction. 
This  is  shown,  for  automobile  trips  only,  in 
table  8. 

On  an  average  weekday  in  1958  about  32 
percent  of  the  trans-Hudson  automobile  trips 
originated  or  terminated  in  the  Manhattan 
cbd.  During  the  peak  periods  in  the  pre- 
dominant direction  (7-10  a.m.  eastbound 
and  4-7  p.m.  westbound)  this  figure  rose  to 
39  percent.  Conversely,  for  the  reverse  direc- 
tion during  the  morning  peak  period,  west- 
bound from  7-10  a.m.,  only  18  percent  of  the 
trans-Hudson  automoblies  originated  in  the 
cbd,  and  in  the  reverse  direction  during  the 
evening  peak  period,  4-7  p.m.  eastbound, 
only  24  percent  terminated  in  the  cbd. 

Just  the  opposite  trend  is  evident  for  Brook- 
lyn and  Long  Island  traffic.  On  an  average 
weekday,  this  area  accounted  for  29  percent 
of  the  total  trans-Hudson  automobile  trips. 
However,  in  the  predominant  directions  of 
travel — eastbound  in  the  morning  peak  period 
and  westbound  in  the  afternoon  peak — Brook- 
lyn and  Long  Island  accounted  for  only  about 
21  percent  of  the  total.  In  the  reverse  direc- 
tion, 7-10  a.m.,  this  area  accounted  for  39 
percent  of  the  westbound  trans-Hudson  auto- 
mobile trips,  and  in  the  evening  peak,  4-7 
p.m.,  32  percent  of  those  eastbound.  Hourly 
variations  in  traffic  to  and  from  upper  Man- 
hattan and  the  area  of  the  Bronx  and  north 
were  much  less  pronounced,  although  the 
reverse  flow  in  some  instances,  especially  the 
7-10  a.m.  westbound  movement  to  and  from 
the  Bronx  and  north,  accounted  for  a  higher 
proportion  of  the  total  traffic  than  was  the 
case  for  the  entire  24  hours. 

These  variations  clearly  indicate  the  neces- 
sity   of    using    peak    origin    and    destination 


figures  rather  than  average  daily  figures  in 
planning  ramps  or  approaches  on  the  east 
side  of  the  Hudson  River.  The  tremendous 
differences  in  directional  origin  and  destina- 
tion patterns  during  the  peak  hours  also  sug- 
gest the  possibility  of  utilizing  reversible 
lanes  on  these  ramps  or  approaches.  Finally, 
the  peak  patterns  show  that  the  bulk  of  the 
New  York  automobile  trips  to  New  Jersey 
in  the  peak  periods  originate  in  areas  outside 
of  Manhattan  whereas  the  majority  of  the 
peak-period  New  Jersey  automobile  trips  are 
destined  for  Manhattan. 

West  of  the  Hudson  River,  the  hourly  origin 
and  destination  patterns  did  not  generally 
vary  as  substantially  from  the  24-hour  aver- 
ages as  they  did  east  of  the  river.  It  is  evident, 
however,  that  the  area  including  Rockland, 
Orange,  Passaic,  West  Bergen,  and  the  north 
accounted  for  a  higher  proportion  of  the  peak 
traffic  volumes  in  both  directions  than  it  did 
over  the  entire  24  hours.  In  the  predominant 
direction  peak  periods,  eastbound  in  the  morn- 
ing and  westbound  in  the  evening,  Essex  and 
Morris  Counties  and  the  area  of  Union  County 
and  the  south  both  generated  a  lower  pro- 
portion of  the  trans-Hudson  automobile  trips 
than  they  did  during  the  rest  of  the  day. 
A  plausible  explanation  is  that  relatively 
good  commuter  rail  service  exists  in  these 
areas.  It  is  also  worth  noting  that  East  Bergen 
and  Hudson  Counties,  lying  along  the  Hud- 
son River,  produced  43  percent  of  the  east- 
bound  7-10  a.m.  trans-Hudson  automobile 
trips.  This  compares  with  a  24-hour  figure 
for  this  area  of  36  percent. 

Purpose  of  Automobile  Trips 

The  experienced  interviewers  used  during 
the  continuous  sampling  survey  were  able,  in 
virtually  all  cases,  to  obtain  complete  infor- 
mation from  each  of  the  motorists  interviewed. 
Thus,  reliable  survey  data  were  obtained 
covering  such  travel  characteristics  as  purpose 
of  trip,  occupants  per  vehicle,  and  residence 
(State)  or  license  plate  of  each  vehicle. 
Analysis  of  these  data  can  contribute  materi- 
ally to  an  understanding  of  the  various  com- 
petitive factors  that  produce  trans-Hudson 
travel  and  particularly  factors  motivating  the 
choice  of  mode  of  transportation. 

A  question  as  to  purpose  of  trip  was  included 
in  the  survey  in  order  to  obtain  information 
concerning  forces  that  generate  trans-Hudson 
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Table  9. — Percentage  distribution  of  trans-Hudson  automobile  trips  by  trip  purpose 


Trip  purpose 

Weekdays 

Saturdays 

Sundays 

AH  days 

G  orge  Washington  Bridge: 
Work                   

62.4 

35.7 

1.9 

60.  5 

37.1 

2.4 

67.8 

30.  6 

1.6 

63.1 
34.9 

2.0 

21.7 
75.9 
2.4 

23.  5 
72.7 
3.  8 

27.  1 
70.0 
2.9 

23.  5 
73.5 
3.0 

9.2 
90.3 

.5 

14.0 

85.4 

.6 

10.0 

88.2 
l.S 

10.8 

88.3 

.9 

46.1 
52.2 

1.7 

46.  1 
51.6 
2.3 

50.1 

48.0 

1.9 

47.0 

51.  1 

1.9 

Lincoln  Tunnel: 
Work                           

Holland  Tunnel 
Work.                  -. 

Three  crossings  combined: 
Work                                -  .      

automobile  traffic  volumes.  The  results, 
shown  in  table  9,  indicate  that  of  the  total 
automobile  trips  during  1958  across  the  three 
Port  Authority  trans-Hudson  facilities,  17 
percent  were  made  for  business  purposes,  51 
percent  were  made  for  recreation  and  personal 
reasons,  and  a  surprisingly  small  2  percent 
for  shopping  purposes. 

Of  course,  these  figures  varied  according  to 
the  day  of  the  week  and  the  season  of  the  year. 
Trips  for  work  purposes  accounted  for  63 
percent  of  the  weekday  trips,  24  percent  of  the 
Saturday  trips,  and  11  percent  of  the  Sunday 
trips.  Recreation  and  personal  trips  increased 
from  a  low  of  35  percent  on  weekdays  to  73 
percent  on  Saturdays  and  88  percent  on  Sun- 
days.  Shopping  trips  accounted  for  2  percent 
on  weekdays,  3  percent  on  Saturdays,  and  1 
percent  on  Sundays.  Seasonally,  the  pro- 
portion of  weekday  trips  made  for  work  pur- 
poses varied  from  68  percent  during  the 
winter  months  to  57  percent  in  the  summer. 

There  were  also  variations  in  purpose  of 
trips  according  to  the  trans-Hudson  crossing 
used,  particularly  on  weekdays.  Nearly  68 
percent  of  the  weekday  automobile  (rips 
through  the  Holland  Tunnel  had  work  as 
their  purpose,  compared  with  62  percent  for 
the  George  Washington  Bridge  and  60  percent 
for  the  Lincoln  Tunnel.  On  Sundays  14  per- 
cent of  the  automobile  trips  through  the 
Lincoln  Tunnel  had  work  as  their  purpose 
while  only  10  percent  of  the  Holland  Tunnel 
and  9  percent  of  the  George  Washington 
Bridge  trips  were  in  connection  with  work. 
For  each  of  the  three  facilities,  the  proportion 


of  trips  made  for  shopping,  whether  weekday 
or  weekend,  never  rose  above  3  percent. 

On  an  hourly  basis,  the  survey  showed  that 
the  usual  assumption  that  most  automobile 
trips  made  between  7  and  10  a.m.  and  4  and  7 
p.m.  are  work  trips  was  substantially  true  in 
the  morning  but  not  in  the  afternoon.  As 
shown  in  the  upper  half  of  table  10,  during  the 
7-10  a.m.  period  87  percent  of  the  eastbound 
and  86  percent  of  the  westbound  weekday 
automobile  trips  were  for  w*ork  purposes. 
In  the  4-7  p.m.  period,  however,  only  68 
percent  of  the  eastbound  trips  and  72  percent 
of  the  westbound  trips  were  for  business 
purposes.  The  afternoon  peak-hour  volumes 
in  both  directions  were  swelled  by  a  consider- 
able amount  of  recreation  and  personal  traffic. 
This  was  particularly  true  of  the  eastbound 
movement,  and  when  this  fact  is  related  to 
the  afternoon  peak  origin  and  destination 
information  already  described,  it  becomes 
apparent  that  substantial  numbers  of  New- 
Jersey  people  are  attracted  to  New  York 
during  these  hours  by  the  cultural  and 
recreational  activities  in  Manhattan. 

State  of  Automobile  Registration 

In  order  to  acquire  additional  information 
as  to  the  sources  of  trans-Hudson  automobile 
traffic-generation,  the  State  in  which  each 
automobile  was  registered,  as  shown  on  the 
license  plate,  was  recorded.  Approximately 
50  percent  of  all  of  the  automobiles  crossing 
the  Hudson  River  on  Port  Authority  facilities 
on  weekdays  carried  New  Jersey  license  plates. 
Nearly  41  percent  had  New  York  plates  and 


Table  10. — Number  and  percentage  distribution  of  weekday  peak-hour  trans-Hudson 
automobile  trips  in  1958  by  purpose  of  trip  and  by  State  in  which  automobile  was 
registered 


Origin— purpose  ami  State 

Predominant  direction 

Reverse  direction 

7-10  a.m.  eastbound 

4-7  p.m.  westbound 

7-10a.m, 

vestbound 

4-7  p.m.  eastbound 

Number 

Percent- 
age 

Number 

I'lMCI'llt- 

age 

Number 

Percent- 
age 

Number 

Percent- 
age 

Purpose  of  trip: 
Work 

Recreation  and  other.   

Shopping 

15.697 

2,012 

251 

87.  1 
11.2 
1.4 

13.616 

4,918 

456 

71.7 

25  9 

2.4 

12.  930 

2,010 

60 

86.2 
13.4 

.4 

13,639 

6,  022 

279 

68.4 

30.2 

1.4 

Total.... 

State  of  registration: 
New  Jersey 

17,960 

13.973 

3.179 

808 

100.0 

77.  s 
17  7 
4.5 

IS.  9911 

13.  236 
4,  -".a 
1,462 

100.0 

69.7 
22.6 

15.000 

2.925 
11.010 
1,065 

100.0 

19.5 
73.4 
7.1 

19,  940 

6,122 
12.303 
1,515 

100.0 

30.7 
61.7 

7.6 

New  York--- 

Other 

17,960 

100.0 

18,990 

100.0 

15.000 

1 

19.  940 

100.0 

the  remaining  9  percent  were  from  all  ov< 
the  country.  On  Sundays  the  proportion  I 
New  Jersey  cars  dropped  to  46  percent,  an 
New  York  and  other  cars  rose  to  43  percei 
and  11  percent,  respectively. 

New  Jersey  residents  predominated  amor 
users  of  the  Lincoln  Tunnel  both  on  weekdaj, 
and  Sundays,  as  shown  in  table  11.  Ne 
Jersey  also  had  a  high  proportion  of  autom< 
biles  using  the  George  Washington  Bridg 
on  weekdays  but  a  majority  of  New  York  an 
other  cars  used  the  facility  on  Sundays.  Us 
of  the  Holland  Tunnel  on  weekdays  was  moi 
evenly  balanced  than  the  other  two  facilitie 
Surprisingly  enough,  however,  on  Sundaj 
more  Newr  Jersey  than  New  York  cars  use 
the  Holland  Tunnel,  probably  because  tfc 
New  York  commuters  to  New  Jersey  wh 
make  up  a  large  part  of  the  Holland  Tunm 
weekday  traffic  volumes  are  missing  o 
Sundays. 

Analysis  of  the  license  plate  data  by  hou 
and  direction  yielded  important  informatio; 
on  the  characteristics  of  trans-Hudson  autc 
mobile  travel  during  the  commuter  hours,  s 
shown  in  the  lower  half  of  table  10.  In  th 
predominant  direction,  eastbound  7-10  a.n 
and  westbound  4-7  p.m.,  New  Jersey  cars  wei 
in  the  majority  although  this  was  more  tru 
of  the  morning  traffic  (78  percent  of  the  total 
than  in  the  afternoon  (70  percent).  Th 
actual  number  of  New  Jersey  automobia 
moving  eastbound  in  the  morning  was  ver 
close  to  the  number  moving  westbound  in  tin 
evening,  indicating  that  the  bulk  of  th 
traffic  was  composed  of  New  Jersey  resident 
commuting  to  and  from  New  York.  In  cor 
trast,  however,  over  30  percent  more  Net 
York  cars  traveled  westbound  in  the  evenin 
peak  than  eastbound  in  the  morning  peal 
This  imbalance  was  even  more  pronounce 
for  the  cars  from  other  States. 

In  the  reverse  direction,  New  York  cai 
predominated  during  the  peak  hours  althoug 
again  this  W'as  more  true  in  the  morning  tha 
in  the  evening  peak.  The  4-7  p.m.  east 
bound  automobile  traffic  was  augmented  b 
a  substantial  number  of  New  Jersey  cars,  mos 
of  which  can  be  assumed  from  the  precedin 
analysis  on  purpose  of  trip  to  be  nonbusine- 
vehicles.  As  a  result,  the  number  of  aura 
mobiles  crossing  the  Hudson  River  eastbourj 
during  the  4-7  p.m.  peak  outnumbered  th 
morning  westbound  flow  by  nearly  one-thirr 

Persons  Per  Automobile 

The  average  automobile  crossing  the  Hudso 
River  via  the  three  Port  Authority  crossings  i; 
1958  carried  the  driver  and  one  passenge) 
The  number  of  persons  per  automobile  varie 
considerably  from  the  annual  average  figur 
of  2.05,  however,  depending  on  the  day  of  th 
week,  hour  of  day,  direction  of  trip,  an 
facility  used.  The  average  load  was  1.8j 
persons  per  automobile  on  weekdays,  but  ros 
to  2.39  on  Saturdays  and  2.75  on  Sundays. 

Contrary  to  general  impression,  averagj 
loads  during  rush  hours  in  the  predominan 
direction  (7-10  a.m.  eastbound  and  4-7  p. it 
westbound)  tended  to  be  somewhat  less  tha 
nonrush-hour    loads.     Thus,    at    the    Georg 
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Table  11. — Percentage  distribution  of  trans-Hudson  automobile  trips  in  1958  accord- 
ing to  State  in  which  automobile  was  registered 


Crossing 

Weekdays 

Sundays 

New  Jersey 

New  York 

Other 

New  Jersey 

New  York 

Other 

George  Washington  Bridge. 

49.6 
56.1 
44.4 

40.5 
35.4 

48.0 

9.9 

8.5 
7.6 

40.2 
52.5 
49.8 

47.  2 
30.7 
39  9 

12.6 
10.8 

10.4 

SVashington  Bridge  there  was  an  average  of 
.69  persons  per  automobile  crossing  east- 
xnind  between  8  and  9  a.m.  compared  with  a 

i  honrush-hour  eastbound  figure  of  1.92. 
Similarly,  at  the  Holland  Tunnel  an  average  of 
1.70  persons  per  car  traveled  eastbound  from 
£  to  9  a.m.  compared  with  1.83  for  the  non- 
ush  hours.  The  Lincoln  Tunnel  was  the  only 
■rossing   where   the   average   rush-hour   load, 

ii  1.91  persons  per  automobile  eastbound, 
eached  a  level  comparable  with  the  nonrush- 
lour  figure  of  1.94.  Presumably  this  is  the 
jffect  of  car  pooling. 

There  is  quite  obviously  a  greater  tendency 
or  "blue-collar  workers"  commuting  to  the 
■ndustrial  areas  in  New  Jersey  to  utilize  car 

!i|Dools.  Thus,  at  each  Hudson  River  crossing, 
he  westbound  load  per  automobile  from  7  to  8 
i.m.  (the  peak  morning  hour  westbound)  was 

n  Substantially  higher  than  the  nonpeak  loads. 

ti  Tot  the  three  Port  Authority  crossings  com- 

I;  )ined,  there  was  an  average  of  2.04  persons 

1  |>er  car  from  7  to  8  a.m.  westbound,  higher 
,han   the    1.85    westbound   for   the    nonrush 

tl  fiours.     The  fluctuations  are  shown  in  figure  5. 

Appendix  A 
Statistical  Model 

The  sample  structure  as  finally  designed 
vas  a  four-stage  probability  sample  in  which 
,he  probability  of  selection  of  any  vehicle  in 
he  universe  was  the  product  of  the  probabil- 
ties  of  selection  in  each  stage.  With  this 
JS  nethod  the  chance  of  selection  of  a  vehicle  at 
ny  one  facility  was  the  same  as  at  any  other 
acility.  Thus,  the  survey  results  from  each 
acility  could  be  combined  for  analysis  pur- 
Doses.     The  four  stages  of  selection  were: 

Shift. — An  8-hour  work  period  at  one  of  the 
'acilities  on  a  day  of  the  week. 
Location. — A      geographically      contiguous 
111  jroup  of  lanes  at  a  facility  at  which  the  inter- 
viewer remains  for  4  hours. 

Lane. — One    of    the    toll    lanes    within    a 
ocation. 

Vehicle. — An  automobile,  truck,  or  tractor- 
jailer  passing  through  a  lane.     (Buses  were 
xcluded  from  the  survey.) 
A  total  of  572  shifts  per  year,  or  11  for  each 
''  of  the  52  weeks,  were  chosen.     It  was  esti- 
rii  nated  that  an  annual  total  of  about  100,000 
interviews    would     be     obtained,     but    only 
''  )2,329  were  actually  made,  due  primarily  to 
31  ess  than  expected  traffic  through  the  facilities 
n  1958.     The  interviews  covered  0.1  percent 
pf  the  total  of  85.7   million   vehicles  which 
rossed  the  facilities  in  1958. 

Shifts  were  selected  in  groups  of  two  seasons 

bach  or  286  shifts  for  each  half  year.     There 

'■■''  'were  three  basic  criteria  which  had  to  be  met: 


, 
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(1)  Stratification  to  represent  the  different 
types  of  shifts  properly  and  spread  them  as 
evenly   as    possible   throughout   each  season; 

(2)  random  selection  of  shifts;  and  (3)  roughly 
equal  work  loads  per  shift. 

The  first  step  in  selecting  the  shifts  (primary 
sampling  units)  to  be  covered  was  to  con- 
struct a  selection  table.  The  table  set  down 
in  orderly  sequence  a  group  of  84  strata 
consisting  of  each  of  the  three  tours  of  duty 
on  each  of  the  seven  days  of  the  week  at  each 
of  the  four  facilities  (the  three  Staten  Island 
bridges  were  handled  as  one);  thus,  3X7X4  = 
84. 

Each  stratum  was  represented  by  the  meas- 
ure/,- which  was  proportional  to  the  expected 
hourly  density  of  traffic  flow  in_  thousands  for 
thai  stratum.  Each  /,•  was  made  to^be^an 
integer  for  ease  of  selection  and  balance. 
The  sum  of  the  /,'s  for  all  strata  was  286, 
divided  into  143  for  each  of  the  2  seasons. 
Systematic  random  sampling  was  used  on  the 
selection  table  to  make  up  13  weekly  work 
loads  of  11  shifts  each,  with  each  work  load 
roughly  spread  across  the  strata. 

The  probability  Pr  of  selecting  a  vehicle 
crossing  a  facility  may  be  represented  as: 

V.286  )  \24f,J  \wj     851 

The  first  term  denotes  the  probability  of 
selecting  a  shift.  This  was  the  first  stage  of 
selection.  Eleven  shifts  were  selected  each 
week  with  probability  /,/286. 

The  third  term  reflects  the  fact  that  inter- 
viewing takes  place  only  44  minutes  out  of 
each  hour,  the  balance  of  each  hour  being 
given  to  relief. 

The  middle  term  represents  a  composite  of 
the  last  three  stages  of  selection:  Location, 
which  is  the  second  stage;  lane  within  location, 
which  is  the  third  stage;  and  vehicle  within 


lane,  which  is  the  fourth  or  ultimate  stage  of 
selection.  Thus,  Pr  (selection  within  a 
shift)  =  1/24/,  =  Pr  (location)  X  Pr  (lane 
within  location)  -  Pr  (vehicle  within  lane). 
Therefore  the  probability  or  the  rate  for 
selecting  a  vehicle  within  a  lane  may  be 
expressed  as: 


1 


X 


1 


24/,     Pr  (location) 


X 


1 


Pr   (lane  within  location) 


Pr  (vehicle  within  lane)   =— 


where  /  is  the  sampling  interval  for  a  stated 
hour  in  the  selected  lane  and  is  equal  to  the 
product  of  the  denominators  of  the  three 
expressions. 

For  example,  at  a  facility  where  there  were 
two  locations  and  four  lanes  were  expected  to 
be  open  during  a  specified  hour  at  the  selected 
location,  Pr  (location)  =}i  and  Pr  (lane 
within  location)  =!4.  The  sampling  interval 
t  is  equal  to  24/,X^X^=3/,.  If  /,  for  this 
shift  was  4,  then  the  interviewer  would  select 
every  twelfth  vehicle. 

Locations  were  selected  by  random  pro- 
cedures and  balanced  for  relevant  factors  over 
a  season.  Lane  rotation  systems  at  each 
location  were  defined  for  all  facilities  in  ad- 
vance. Fractional  intervals  for  selection  of 
vehicles  within  lanes  were  made  into  integers 
by  a  balanced  process  of  randomization.  At 
all  stages  of  selection  randomized  procedures 
were  always  used  and  carefully  specified. 

Derivation  of  tables 

In  order  to  simplify  the  use  of  the  tables 
contained  in  this  report,  where  only  per- 
centages were  desired,  it  was  decided  to  use 
proportions  derived  from  the  sample  esti- 
mates obtained  from  the  punch-card  tabula- 
tions of  the  survey  results.  The  estimates 
used  in  this  report  are  thus  ratio  estimates  of 
the  form,  p=x  n 
where:  j-  =  the     total     "self-weighting"     card 

count    of    all    vehicles    with    an 

".i"  characteristic. 
«  =  the  card  count  in  the  entire  sample 

or  some  subclass. 
These  proportions  can   be  used  to  estimate 
numbers  of  vehicles  for  any  desired  character- 
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Figure  5.— Average  weekday  persons  per  auto  during  peak  and  offpeak  periods  for  all 

three  river  crossings  combined. 
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istii     by    application    to    known    seasonal    or 
annual  data  as  follows: 


X'=Np  =  N- 
n 


where  A*  is  the  known  total  for  the  character- 
istic under  consideration. 

Appendix  B 

Reliability  of  Results 

Two  basic  types  of  errors  are  encountered  in 
all  sample  surveys,  to  a  greater  or  lesser 
degree,  which  affect  the  reliability  of  the 
survey  results.  The  first  is  sampling  error, 
which  arises  from  the  fact  that  the  population 
characteristics  as  pictured  by  the  sample  may 
not  exactly  coincide  with  the  characteristics 
which  would  emerge  if  the  population  were 
sampled  in  its  entirety.  The  second  is  non- 
sampling  error,  which  arises  primarily  from 
errors  in  processing  the  survey  results  and  from 
bias  in  the  sample  due  to  nonresponse. 

Throughout  the  conduct  of  this  survey, 
every  effort  was  made  to  keep  these  errors  to 
a  minimum.  Furthermore,  at  a  number  of 
periods  throughout  the  survey,  audits  of  cer- 
tain results  of  the  survey  were  undertaken  in 
order  to  compare  them  with  recorded  informa- 
tion of  total  traffic  volumes  by  direction,  by 
type  of  day,  by  type  of  vehicle,  and  so  forth. 
All  of  these  comparisons  revealed  close  agree- 
ment between  the  survey  results  and  the 
recorded  volumes. 

Sampling  error 

The  distinguishing  feature  of  a  sample  based 
on  the  mathematical  theory  of  probability  is 
the  fact  that  it  makes  possible  the  computa- 
tion of  a  sampling  error.  This  gives  a  measure 
of  the  degree  of  reliability  that  has  been 
attained  in  any  particular  value  derived  from 
the  survey.  At  a  given  level  of  confidence.  95 
percent,  for  example,  the  sampling  error  is 
to  be  interpreted  as  a  range  of  values  about 
the  sample  estimate  which  includes  the  "true 
value"  in  the  population  95  times  out  of  100. 

Perhaps  an  example  in  the  use  of  sampling 
error  will  clarify  its  meaning.  During  1958, 
a  total  of  13,357  automobile  trip  interviews 
were  made  on  weekdays  at  the  Lincoln  Tunnel. 
The  survey  indicated  that  12.2  percent,  of 
these  automobiles  traveled  between  the  Man- 
hattan cbd  and  areas  in  northwestern  New 
Jersey  and  upstate  New  York.  The  theory 
permitted  the  application  of  this  sample  pro- 
portion to  the  entire  population  which,  in 
this  case,  was  the  12.6  million  automobiles 
that  actually  used  the  Lincoln  Tunnel  on 
weekdays  in  1958  (50,343  on  an  average 
weekday).  It  is  true,  of  course,  that  if  the 
origin  and  destination  patterns  of  every  one 
of  these  12.6  million  movements  via  the 
Lincoln  Tunnel  on  weekdays  could  have  been 
ascertained,  the  proportion  would  probably 
be  somewhat  different  from  the  12.2  percent 
mentioned  above.  With  a  probability  sample 
it  is  possible,  for  a  given  level  of  confidence, 
to  estimate  the  maximum  size  of  this  differ- 
ence by  establishing  a  range  of  values  about 
this  sample  estimate   within  which  the  true 
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value  should  lie.    This  range  can  be  expressed 
as  follow  - 

Ps±taPs(C.V.)s 

where  Ps  =  proportion   of  some   sub-class    for 
characteristics  s. 
(C.Ir.)s  =  coefficient  of  variation  for  charac- 
teristic s. 
r„  =  Student's  t  value  for  four  degrees 
of  freedom  and  a  error. 

The  coefficient  of  variation  measures  the 
standard  deviation  relative  to  the  mean.2 
Thus  in  this  survey, 


(C.V.)s-- 


V, 


[ZiNht  +  NhtW 


where  AVij  =  card  count  of  characteristic  for 
each  of  the  four  seasons  in  sub- 
sample  group  1. 

Ar/*2  =  card  count  of  characteristic  for 
each  of  the  four  seasons  in 
subsample  group  2. 

To  make  possible  the  use  of  the  above  for- 
mula for  the  computation  of  the  coefficients 
of  variation,  the  sample  was  drawn  in  two 
independent  subsamples  for  each  season. 

In  order  to  make  sure  that  the  sampling 
error  computations  did  not  overstate  the 
reliability  of  the  sample,  a  conservative  for- 
mula was  used  which  for  most  cases  leads  to 
estimates  of  error  somewhat  greater  than  ac- 
tually exist  for  the  ratio  estimates  developed  in 
this  survey.  Thus,  the  results  were  probably 
a  little  better  than  the  calculated  errors  would 
indicate. 

In  the  example  already  given,  Ps=12.2 
percent  and  (C.V.)s  =  0.034.  For  a  68-percent 
level  of  confidence  the  t  value  is  1.14,  and  the 
true  value  in  the  population  for  the  proportion 
of  automobile  trips  on  weekdays  via  the  Lin- 
coln Tunnel  between  the  Manhattan  cbd  and 
northwestern  New  Jersey  and  upstate  New 
York  would  be  included  in  the  range: 

12.  2  ±1.14X12.2X0.034=  11.7  to  12.7 percent 

For  a  95-percent  level  of  confidence  the  true 
value    in    the   population    lies    in    the  range: 

12.2±2.78X12.2X0.034=11.0  to  13.4  percent 

=  Kish  and  Hess,  On  Variances  of  Ratios  and  Their  Dif- 
ferences in  Multistage  Samples,  Journal  of  the  American 
Statistical  Association,  June  1959. 

Table  12. — Standard  deviations  for  selected 
sample  estimates 


Proportion 

Standard 

Sample  size 

of  selected 

deviation. 

subclass  in 

Ps  (C.T'.)s 

sample,  Ps 

Percent 

Percent 

1.353 

75.7 

1.5 

918 

44.2 

2.2 

2,829 

29.0 

1.0 

5.462 

22.0 

.9 

11,745 

14.3 

.7 

10,355 

12.7 

.6 

13.  357 

12.2 

.4 

5.707 

9.5 

.4 

10, 355 

6.7 

.3 

22.444 

4.3 

.2 

22.444 

3.2 

.1 

13.  357 

1.8 

.1 

13. 357 

1.7 

.1 

6,836 

1.7 

.  1 

Table  12  shows  the  standard  deviations  f. 
a  series  of  representative  estimates  taken  froi 
this  report.  There  were  literally  over  a  m 
lion  estimates  obtained  in  the  course  of  tab 
lating  the  survey  results.  The  standan 
deviations  shown  are  believed  to  be  represent 
five  of  the  errors  expected  on  any  estimates 
this  report. 


Nonsampling  error 

In  sample  surveys  involving  the  questionii 
of  people,  a  certain  amount  of  nonresponse 
bound  to  occur.  The  problem  is  to  keep 
within  such  bounds  that  the  theory  of  prob 
bility  still  is  valid. 

As  mentioned  previously,  there  were  51 
primary  sampling  units  (8-hour  shifts)  pick* 
at  random  throughout  the  year,  segregated  in 
the  four  seasons  of  1958.  Of  the  572  shif 
originally  scheduled,  60,  or  10  percent,  we 
missed  and  had  to  be  rescheduled  to  a  ne, 
date  in  the  quickest  possible  time.  All  shif 
missed  were  due  to  the  interviewer's  sickne 
or  some  other  personal  reason. 

The  proportion  of  shifts  rescheduled  f< 
each  facility  did  not  vary  considerably  fro 
the  overall  percentage  (10  percent) ;  hen 
there  was  no  particular  bias  of  reschedulir 
against  any  one  facility.  More  importai 
than  this,  most  shifts  were  rescheduled  with 
a  few  weeks,  and  it  is  fair  to  assume  that  tl 
general  patterns  of  travel  on  the  reschedul 
dates  were  not  significantly  different  than  c 
the  originally  scheduled  dates.  Of  cours 
on  a  few  occasions,  rain  or  snowstorms  o 
curred  on  either  the  original  or  reschedule 
dates,  thereby  probably  affecting  the  resul 
to  some  small  degree. 

It  was  only  in  the  fourth  season  (Octobe 
December)  that  any  considerable  reschedulii 
lag  occurred,  but  even  here  almost  70  perce: 
of  the  shifts  were  completed  within  4  weeks 
the  original  date.  In  the  other  three  seaso 
at  least  half  of  the  rescheduled  shifts  we 
completed  within  1  week  and  all  were  cor 
pleted  within   4  weeks  of  the  original  dat 

The    number    of    interviews    obtained 
rescheduled  shifts  were,  on  the  whole,  great 
than  would  have  been  taken  on  the  origin 
survey  dates,  the  average  loads  being  178  a' 
162  interviews,  respectively.     Howrever,  sin 
the  procedure  followed  in  this  survey  was 
reweight   the  number  of  the  interviews  o 
tained  on  the  rescheduled  dates  to  the  numb 
which  would  have  been  obtained  originall 
this  numerical  discrepancy  made  no  differenc 
The   important   assumption    made   was   th 
the  patterns  of  travel  were  not  significant 
different  on  the  rescheduled  dates  than 
the  original  ones.     This  seemed  valid  wW 
the  time  lag  for  rescheduling  w:as  as  small 
that  which  occurred  on  the  survey. 

As  in  all  sample  surveys  involving  t 
questioning  of  people,  there  were  some  uni 
for  which  no  information  was  obtained  di 
to  refusal  of  motorists  to  answer  and 
other  reasons.  The  latter,  classified  as  no 
interviewable,  included  those  sampling  uni 
such  as  military  vehicles,  ambulances,  ai| 
hearses  which,  although  they  were  included 
the  sampling  universe,    could   not   be  ink 
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iewed  for  obvious  reasons.  These  two  types 
•f  errors  of  nonresponse  were  treated  by 
kiking  random  selections  from  the  obtained 
iterviews  in  an  appropriate  manner. 
.  The  overall  nonresponse  rate  experienced 
1  this  survey  was  only  1.5  percent  of  the 
jtal  number  of  interviews  taken.  There 
•as  no  significant  difference  by  facility  or 
i;ason,    the    minimum    being     1.0    and    the 


maximum  2.9  percent.  This  is  considered 
excellent  for  this  type  of  survey  and  is  an 
indication  of  the  training  in  interviewing 
techniques  which  each  interviewer  received, 
as  well  as  their  patience  and  fortitude  on  the 
job. 

Another  error  that  occurs  in  surveys  of 
this  nature  is  due  to  the  miscoding  of  the 
information  obtained  in  the  field.    Procedures 


based  on  valid  techniques  of  quality  con 
were  applied  in  the  verification  of  coded 
interviews  to  insure  acceptable  standards  of 
coding  efficiency.  Most  of  those  coding 
errors  that  evaded  detection  and  were  key- 
punched incorrectly  were  discovered  on 
checking  the  listing  of  all  detail  cards.  Overall, 
processing  errors  of  all  types  amounted  to 
less   than   0.2   percent. 


Properties  of  Highway  Asphalts— Part  II,  Various  Penetration  Grades 


er.  Continued  research  is  needed  to  re- 
ite  the  engineering  properties  of  asphalts  to 
hese  fundamentals  and  to  determine  if  these 
echniques  are  suitable  for  specification  pur- 
oses. 
Over  the  years  attempts  have  been  made  to 
efine  the  properties  of  the  asphalts  in  terms 
f  their  chemical  composition  or  component 
nalysis,  but  often  have  resulted  in  uncertain 
Bsults  because  of  the  complexity  of  the  or- 
anic  molecules  present.  However,  research 
ow  being  conducted  in  this  area  is  encourag- 
^g   (2,    3).     New   approaches   with    modern 
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(Continued  from  page  86) 

techniques  may  do  much  to  provide  funda- 
mental information  that  ultimately  may  assist 
the  researcher  in  solving  the  problems  asso- 
ciated with  the  production  and  utilization  of 
asphalts  of  high  quality. 
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New  Publications 

The  Bureau  of  Public  Roads  has  recently 
published  two  new  bulletins.  One  of  the 
bulletins,  Hydraulics  of  Bridge  Waterways,  is 
the  first  of  a  proposed  series  on  hydraulic 
design  of  highway  drainage  structures.  The 
53-page  illustrated  publication  by  the  Divi- 
sion of  Hydraulic  Research  is  available  from 
the  Superintendent  of  Documents,  U.S.  Gov- 
ernment Printing  Office,  Washington  25,  D.C., 
at  40  cents  per  copy. 

Hydraulics  of  Bridge  Waterways  presents 
simplified  methods  for  computing  backwater 
caused  by  bridges,  developed  from  extensive 
model  tests  and  checked  against  actual 
measurements  at  bridge  approaches.  The 
empirical  curves  and  methods  of  calculation 
contained  in  the  new  publication  have  been 
subjected  to  extensive  field  use  during  the 
past  few  years  by  State  highway  departments, 
consulting  engineers,  and  the  Bureau  of 
Public  Roads,  and  a  number  of  improvements 
developed  during  this  period  are  incorporated 
in  the  publication. 

The  nature  of  the  new  bulletin  is  indicated 
by  the  chapter  titles:  computation  of  back- 
water; extent  of  backwater;  difference  in 
level  across  approach  embankments;  dual 
bridges;  abnormal  stage-discharge  condition; 
effect  of  scour  on  backwater;  illustrative 
problems;  and  limitations  of  data. 

As  noted  in  the  introduction  to  the  publi- 
cation, hydraulics  should  play  an  important 
role  in  establishing  what  the  length  and 
vertical  clearance  of  a  bridge  should  be,  and 
where  the  bridge  should  be  placed.  Con- 
fining  flood    water    unduly    may    well    cause 


excessive  backwater  with  resultant  damage  to 
upstream  land  and  improvements  and  over- 
topping of  the  roadway,  or  may  induce 
excessive  scour  endangering  the  bridge  itself. 
Too  long  a  bridge  may  cost  far  more  than 
can  be  justified  by  the  benefits  obtained. 
Somewhere  in  between  is  the  design  that  will 
be  the  most  economical  to  the  public  over  a 
long  period  of  years,  and  finding  that  design 
is  the  objective  of  the  bridge  engineer. 

The  new  Bureau  of  Public  Roads  publica- 
tion Hydraulics  of  Bridge  Waterways  is  in- 
tended to  provide,  within  the  limitations 
described,  a  means  of  computing  the  effect  of 
a  given  bridge  upon  the  flow  of  the  stream  it 
is  proposed  to  span. 

Classification  of  Motor  Vehicles,  1956-57, 
reporting  detailed  information  on  the  numbers 
of  vehicles  registered  in  1956,  with  an  estimate 
for  1957,  classified  according  to  type  of  vehicle, 
kind  of  fuel  used,  gross  vehicle  weight,  and 
type  of  use — farm,  nonfarm,  for  hire,  and 
publicly  owned — is  also  available  from  the 
Superintendent  of  Documents,  U.S.  Govern- 
ment Printing  Office. 

The  123-page  bulletin  contains  a  wealth  of 
detailed  information  that  has  not  been  avail- 
able since  the  truck  and  bus  inventory  under- 
taken in  1941  as  a  wartime  preparedness 
measure.  It  represents  a  considerable  effort 
on  the  parts  of  the  States,  the  Bureau  of  Public 
Roads,  and  the  bus  industry,  since  the  informa- 
tion in  the  detail  compiled  in  this  study  is  not 
available  in  the  regular  registration  records  of 
many  States. 

In  addition  to  a  brief,  explanatory  text  and 
summary  tables  and  illustrations,  the  publica- 
tion contains  three  extensive  series  of  tabu- 
lations  which    will    be    extremelv    useful    to 


highway  engineers,  administrators,  and  econ 
mists,  as  well  as  to  others  interested  in  trani 
portation  and  government.  The  first  of  thesj 
reports,  by  States,  the  numbers  of  vehicli.i 
classified  by  type,  by  class  of  use,  and  by  kir| 
of  fuel  used.  The  second  series  reports,  alJ 
by  States,  the  numbers  of  trucks  and  combin; 
tions  classified  by  types  and  by  gross  vehicS 
weight  groups.  The  third  series  reports,  bl 
Census  divisions,  the  numbers  of  trucks  anl 
combinations  classified  by  type,  class  of  ufl 
kind  of  fuel  used,  and  gross  vehicle  weight. 

A  fourth  series  of  tables  reports,  by  State]: 
the  farm  registration  rates  and  limitations  c| 
farm  registrations,  in  those  States  that  have  I 
separate  farm  registration  classification;  anl 
the  numbers  of  trucks  and  combinatioi ',, 
registered  in  that  classification,  by  type  (j 
vehicle  and  gross  vehicle  weight. 

One  of  the  problems  faced  in  the  study  wtj 
the  fact  that  the  States  use  varying  bases  fcj 
weight  classification  in  their  registration  sy>| 
tems.  To  overcome  this  difficulty  a  series  cl 
conversion  tables  were  devised,  for  rclatin' 
known  empty  vehicle  weight  to  probable  grot 
vehicle  weight.  The  conversion  tables  an 
included  in  the  publication,  since  they  shoulj 
be  of  considerable  use  to  many  who  use  motoij 
vehicle  statistics  in  their  work. 

Another  problem  faced  was  that  of  duplic;' 
tion  of  registrations.  While  this  occurs  bi.! 
little  for  most  vehicle  groups,  it  is  a  commo 
practice  for  commercial  buses.  Howeve] 
duplicate  bus  registrations  were  eliminate] 
through  the  cooperation  of  the  bus  industry 

Classification  of  Motor  Vehicles,  1956-5\ 
may  be  purchased  from  the  U.S.  Governmer. 
Printing  Office,  Washington  25,  D.C.,  a 
70  cents  per  copy. 
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Characteristics  of  Travel  to 


a  Regional  Shopping  Center 


BY  THE  DIVISION  OF  HIGHWAY  PLANNING 
BUREAU  OF  PUBLIC  ROADS 


Reported  by  JACOB  SILVER,  Transportation  Economist, 
and   WALTER  G.  HANSEN,  Highway  Research  Engineer 


This  article  describes  many  of  the  characteristics  of  travel  associated  with  a 
shopping  center  which  has  <t  regional  market  area.  The  shopping  center 
studied  was  located  in  a  Virginia  suburb  of  the  Washington,  D.C.,  metropolitan 
area. 

Almost  one-half  of  the  trips  generated  by  the  shopping  center  for  conven- 
ience-goods merchandise  (food,  drug,  personal  service,  etc.)  were  made  by 
residents  living  within  10  minutes  driving  time  from  the  center.  The  average 
duration  of  parking  for  all  convenience-goods  shoppers  was  less  than  50 
minutes.  Trips  made  to  the  center  for  the  purpose  of  obtaining  shopping- 
goods  merchandise  (apparel,  furniture,  etc.)  were  found  to  be  greater  in 
number,  farther  in  distance,  and  longer  in  parking  duration. 

Only  a  limited  degree  of  attraction  to  the  center  tvas  due  to  its  multiple- 
purchase  characteristics.  However,  one-half  of  the  weekly  trip.--  were  made  for 
apparel  merchandise. 

This  article  also  points  out  the  additional  demand  placed  upon  the  arterial 
in  the  immediate  vicinity  of  the  center  and  how  the  additional  traffic  conflicts 
with  normal  peak-hour  traffic  movement .  Also,  an  estimate  of  the  impact  of 
the  shopping  center  upon  other  commercial  complexes  is  discussed. 


COMMERCIAL  concentrations  or  "shop- 
ping centers"  are  continuing  to  be  estab- 
lished in  the  increasingly  populated  suburban 
areas  of  our  cities.  The  increasing  traffic 
problems  resulting  from  the  change  in  the 
pattern  and  distribution  of  shopping  travel  to 
these  new  retail  centers  have  become  familiar 
to  many  highway  and  traffic  engineers,  as 
well  as  to  metropolitan  planners. 

In  1955,  a  home-interview  transportation 
survey — origin-destination  (0-D) — was  con- 
ducted in  the  Washington,  D.C.,  metropolitan 
area.  Shortly  after  the  completion  of  this 
survey,  a  shopping  center  with  a  regional 
market  area  was  opened  in  one  of  the  Virginia 
suburbs.  A  special  survey  of  travel  to  this 
center  was  undertaken  for  the  purpose  of  up- 
dating the  1955  0-D  survey  data  and,  sec- 
ondly, to  provide  information  that  would  be 
useful  in  estimating  the  travel  to  similar  types 
of  centers  that  were  expected  to  be  built  in 
the  future. 

This  report  is  an  analysis  of  the  travel  to 
this  regional  center.  Although  limited  in 
scope,  it  presents  some  of  the  characteristics 
of  travel  that  can  be  expected  when  a  trip 
attractor  of  this  nature  is  established.  It 
should,  therefore,  be  helpful  to  those  respon- 
sible for  the  location,  design,  and  operation 
of  these  centers  and  the  highway  facilities 
which  serve  them. 

Summary 

This  article  describes  some  of  the  charac- 
teristics of  travel  associated  with  a  regional 
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shopping  center.  It  shows  thai  this  type  of 
commercial  development  generates  traffic  at 
sufficient  volumes  during  the  normal  peak 
hours  of  travel  so  as  to  create  serious  problems 
of  traffic  congestion  on  the  arterials  in  the 
immediate  vicinity  of  the  center. 

An  analysis  made  of  the  trips  for  shopping 
goods  and  for  convenience  goods  showed  that 
for  comparable  floor  area  size,  shopping-goods 
trips  were  generated  at  a  rate  significantly 
greater  than  the  number  of  trips  generated  for 
convenience  goods.  Also  significant  were  the 
differences  in  trip  length  and  parking.  Con- 
venience-goods traffic  generated  shorter  trips 
with  shorter  durations  of  parking  than  did 
shopping-goods  traffic.  From  the  data  col- 
lected, it  was  found  that  convenience-goods 
traffic  utilized  parking  space  approximately 
twice  as  effectively  than  did  the  shopping- 
goods  traffic. 

Even  though  Seven  Corners  offered  a  large 
selection  and  variety  of  merchandise,  which 
would  permit  multiple  purchases  at  a  single 
stop,  the  center  only  derived  a  limited  degree 
of  attraction  to  it  due  to  this  characteristic. 
The  bulk  of  the  trips  attracted  were  for  the 
purpose  of  purchasing  shopping-goods  mer- 
chandise, particularly  apparel.  This  one 
group  accounted  for  one-half  of  the  total 
weekly  trips. 

Trips  were  attracted  to  the  shopping  center 
from  throughout  the  area  under  study.  The 
frequency  of  trips  originating  at  a  given  dis- 
tance or  residential  area,  however,  is  depend- 
ent  upon  that   center's  location,  composition, 

199470 


and    size    relative    to    these    same    factors    of 
competing  centers. 

Seven  Corners  Shopping  Center 

Seven  Corners  shopping  center,  as  shown 
in  figure  1,  is  located  at  the  eastern  edge  of 
Fairfax  County,  Va.,  at  the  intersection  of 
several  major  highways.  This  location,  ap- 
proximately 7  miles,  or  30  minutes  driving 
time,  from  t  hi?  District  of  Columbia  central 
business  area,  was  at  the  periphery  of  the 
urban  development  at  the  time  of  the  study. 
The  distribution  of  population  in  terms  of 
driving  time  from  the  shopping  center  is  shown 
in  table  1.  The  inboard  and  outboard  designa- 
tions used  in  this  table  and  subsequently  refer 
in  an  arbitrary  division  of  the  market  area 
into  two  parts,  and  are  used  only  for  compara- 
tive purposes  to  indicate  that  shopping  charac- 
teristics were  not  uniform  throughout  the 
study  area.  The  inboard  area  designates  the 
area  between  the  Seven  Corners  shopping 
.•enter  and  the  District  of  Columbia  cbd; 
outboard  designates  the  area  from  the  shop- 
ping center  away  from  the  cbd.  The  dividing 
line  is  shown  in  figure  1. 

The  site  of  the  shopping  center  is  triangular 
in  shape  and,  at  the  time  of  the  study,  encom- 
passed a  total  area  of  32  acres.  The  shopping 
center  was  bounded  on  the  north  by  F.S. 
Route  50,  a  major  east-west  4-lane  highway, 
and  on  the  south  by  Virginia  State  Route  7, 
a  4-lane,  northwest-southeast  highway.  These 
two  routes,  together  with  other  intersecting 
arterials  in  the  vicinity  of  the  center,  make 
this  location  highly  accessible  for  the  residents 
of  the  Virginia  sect  inn  of  the  Washington, 
D.C.,  metropolitan  area. 

The  site  plan,  illustrated  in  figure  2,  indi- 
cates the  location  of  the  building  structures, 
the  parking  areas,  and  the  points  of  vehicle- 
access  to  the  center.  The  main  building  is  an 
I-shaped,  2-level  structure  with  a  department 
store  at  each  end.  The  remaining  establish- 
ments, with  the  exception  of  a  supermarket 
and  an  automobile  parts  and  service  establish- 
ment, are  located  along  a  covered  promenade 
(at  both  levels)  between  the  two  department 
stores. 

The  total  floor  area  of  the  center,  at  the 
time  of  the  study  in  1957,  was  600,000  square 
feet,  of  which  approximate^  503,000  was  gross 
rental  area.     The  types  and  number  of  estab- 
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SELECTED  COMMERCIAL  CONCENTRATIONS 

1  7  CORNERS 

2  HECHT-PARKINGTON 

3  KANN'S"  VIRGINIA  SOUARE 

4  CLARENDON 
1  SHIRLINCTON 

6  WOODWARD  8  LOTHROP 
7.  ALEXANDRIA 


Figure  1. — Seven  Corners  shopping  center  and  other  commercial  concentrations  in  the  Virginia  section  of  the  Washington,  D.C. 

metropolitan  area. 


lishments  of  the  center,  along  with  the  space 
occupied  by  each  category,  are  shown  in  table 
2.  Approximately  one-half  of  the  total  gross 
rental  area  was  used  for  the  actual  retailing 
of  merchandise.  About  1,000  persons  were 
employed  full  or  part  time  at  the  center. 

Customer  parking  areas  were  convenient  to 
both  the  upper  and  lower  levels  of  the  center, 
and  provided  space  for  2,025  vehicles,  or  4 
spaces  per  1,000  square  feet  of  gross  rental 
area.  In  addition,  235  parking  spaces  were 
provided  for  employees  in  an  area  opposite 
the  shopping  center,  across  U.S.  Route  50. 

The  Travel  Survey 

The  survey  of  travel  to  Seven  Corners 
shopping  center  was  conducted  from  April  8 
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through  April  13,  1957,  6  months  after  the 
renter  was  officially  opened.  ""'  Although  6 
months  was  a  relatively  short  period  of  time, 
it  was  considered  sufficient  for  the  people  of 
the  area  to  have  become  familiar  with  the 
new  shopping  and  service  opportunities  and 
to  eliminate  possible  bias  created  by  sight- 
seers to  the  new  center. 

Since  Easter  was  on  April  21,  it  was  realized 
that  the  results  would  be  affected  somewhat 
by  the  holiday  shopping.  However,  there  is 
a  considerable  seasonal  fluctuation  in  the  pur- 
chase of  many  categories  of  merchandise  and 
a  survey  made  in  any  one  week  would  not  be 
representative  of  the  entire  year.  In  this 
case,  the  purchase  of  apparel  was  probably 
above  average  and  this  should  be  taken  into 
consideration  in  appraising  the  results. 


Information  concerning  the  origin,  lengtl 
purpose,  and  duration  of  trips  to  the  center,  ai 
well  as  automobile  occupancy  and  vehicle  reg 
istration,  was  obtained  by  personal  interviews 
Every  tenth  parking  space  in  the  main  park 
ing  area  was  designated  as  an  interview  space 
Interviews  were  obtained  on  arrival  for  eacl 
family  represented  by  the  occupants  of  th< 
cars  which  parked  in  those  interview  spaces 
To  be  comparable  with  the  1955  travel  survey 
children  less  than  5  years  of  age  were  not  in 
eluded  in  the  sample.  In  all,  1,558  interview.' 
were  obtained,  representing  about  7  percent  o 
all  the  families  arriving  at  the  center  during 
the  interview  periods. 

Interviews  were  made  on  three  days 
Wednesday,  Thursday,  and  Saturday,  and 
were  expanded  to  represent  weekly  volumes 
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Table  1. — Distribution  of  population  and  the  average  income  for  each  of  several  travel-time 
groups  to  Seven  Corners  shopping  center 


1957  travel  time  to  Seven 
Corners  (minutes) 

I 

or  total  area 

l 

Distribution  of  each  travel-time 

group 

Inboard 

Outboard 

Population  2 

Average 

family 

income  2 

Percent 

of 

population 

Average 
family 
income 

Percent 

of 
population 

Average 
family 
income 

Number 

Pen  viii 

(M      .  --- -- 

5.600 
54. 400 
129,500 
73,700 

73,  600 
32, 000 
39,  300 

408,  100 

1 
J  3 
32 

18 

18 
8 
10 

100 

$6,  500 
7,800 
7,500 
7,900 

6, 900 
6,400 
5,500 

7,100 

68 
57 
65 
89 

61 

74 
31 

65 

$5, 800 
8,600 
8,200 
8.000 

7,500 

7.  000 
5,800 

7.900 

32 
43 

35 
11 

39 
26 
69 

35 

$8,  500 



5, 800 

5,800 

4,  inn 
5,400 

5,800 

10-14          - 

20-24                -- 

■>;,  2ii .  _  _ 

i  Only  includes  area  in  Virginia  section  of  the  Washington,  D.C.,  metropolitan  area. 

2  Unpublished  data,  Mass  Transportation  Survey,  National  Capital  Planning  Commission  and  National  Capital  Regional 
Council,  1955. 


on  the  basis  of  directional  traffic  counts  made 
throughout  the  week  of  the  study  at  each  of 
the  eight  access  points  shown  in  figure  2. 

The  interviews  made  on  Wednesday  were 
expanded  on  the  basis  of  hourly  traffic  counts 
to  represent  trips  made  during  the  two  days, 
Tuesday  and  Wednesday,  when  a  majority  of 
establishments  were  closed  evenings.  Inter- 
views made  on  Thursday  were  expanded  to 


represent  trips  made  during  Monday,  Thurs- 
day, and  Friday,  when  the  entire  center  was 
open  evenings.  Saturday  interviews  were  ex- 
panded to  represent  only  Saturday  trips.  No 
attempt  was  made  to  adjust  the  data  for  any 
seasonal  variations  which  might  have  existed. 
No  interviews  were  obtained  from  persons 
walking  to  the  center  or  those  arriving  by  bus. 
Pedestrian  trips  were  omitted  after  the  study 


indicated  that  the  distances  between  the  shop- 
ping center  and  most  nearby  residential  de- 
velopments, as  well  as  the  heavily  traveled 
arterials  surrounding  the  center,  were  not  con- 
ducive to  walking  trips,  and  few  walking  trips 
were  actually  observed.  Transit  trips  were 
omitted  from  the  survey  after  sample  counts 
showed  an  average  of  less  than  150  persons  per 
day  arriving  by  bus. 

In  addition,  no  interviews  were  made  in  the 
area  se1  aside  for  employee  parking.  Com- 
paratively few  employees  actually  used  this 
space.  Except  for  Saturday,  less  than  50  ve- 
hicles per  day  were  parked  there.  Many  em- 
ployees parked  in  the  customer  parking  area, 
even  though  there  were  regulations  to  the 
contrary.  Also,  observations  showed  that 
many  of  the  employees  were  parking  in  the 
adjacent  apartment  development,  while  still 
others  were  brought  to  work  by  vehicles  which 
did  not  park. 

The  work-trip  data  presented  in  the  follow- 
ing sections  are  only  for  the  center  employees 
and  noncenter  workers,  e.g.,  carpenters  and 
delivery  men,  who  parked  their  vehicles  in  the 
customer  parking  area.  As  a  result,  work 
trips  are  considered  to  be  substantially  under- 
reported. 
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Figure  2.— Physical  layout  of  Seven  Corners  shopping  center. 
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Table  2. — Distribution  <>f  gross  rental  space 
at  Seven  Corners  shopping  center  ' 


Category  of  business 
establishment 

Num- 
ber 

Qross  rei 

tal    paci 

Area 

(square 

feel  l 

Percent 
of  total 

Department  store 

2 

13 

11 
1 
(1 

210,700 
100,300 

96,000 
50.500 
15,900 

it.  IKK) 

42 

I'D 

19 

in 
:s 
2 

Food,  drug,  hardu  are 

variety 
All  oilier  shopping 

i  >ccupicd  sp  ici 
(  noccupied  :pace 

i  Iross  rental  space 

4(1 
4 

182,700 
20,  100 

96 

4 

44 

502,  800 

Kill 

I  Data  as  of  April  8,  1957. 

Findings  of  tlie  Study 

During  the  week  of  the  study,  a  total  of 
52,500  passenger  vehicles,  carrying  an  esti- 
mated 96,300  persons,  entered  the  Seven 
Corners  shopping  center.  These  volumes 
were  distributed  among  the  days  of  the  week 
as  follows:  Monday,  Thursday,  and  Friday. 
17  percent  each;  Tuesday  and  Wednesday, 
12  percent  each;  and  Saturday,  25  percent. 

The  volume  of  passenger  vehicles  entering 
the  center  by  hour  for  each  day  of  the  week  is 
shown  in  figure  3.  Three  distinct  patterns 
were  observed:  One  for  those  days  when  the 
center  was  open  in  the  evening;  one  for  those 
days  when  i  lie  majority  of  the  establishments 
were  closed  in  the  evening;  and  one  for  Satur- 
day. <  )f  particular  interest  was  the  lack  of 
any  appreciable  variation  in  the  weekday 
volumes  between  the  hours  of  8  a.m.  and  4 
p.m.  The  fact  that  the  center  was  open 
during  an  evening  seems  to  have  little  or  no 
effect  on  the  volume  of  shopping  during  these 
daytime  hours. 

Peak  traffic  volumes 

The  peak  period  for  traffic  entering  the 
center  occurred  on  Saturday  afternoon  be- 
tween noon  and  5  p.m.  The  greatest  volume 
during  this  sustained  peak  occurred  between 
2  and  3  p.m.  when  a  total  of  1,550  vehicles, 
or  3  percent  of  the  total  vehicles  attracted 
during  the  week,  arrived  at  the  center.  If 
the  volume  for  this  one  hour  were  expressed 
as  a  proportion  of  the  average  daily  weekday 
traffic  (the  usual  base  for  reporting  peak- 
hour  traffic  movement),  it  would  be  equal  to 
21  percent  of  the  total  number  of  motor 
vehicles  arriving  at  the  center  dining  an 
average  weekday,  Monday  through  Friday. 
If  both  the  arrival  and  departure  of  vehicles 
were  considered,  the  peak  hour  of  traffic 
occurred  during  the  same  hour  with  a  total 
movement  of  3,100  vehicles,  This  volume 
was  also  3  percent  of  the  weekly  movement. 

Although  absolute  peak  volumes  of  traffic 
are  important  to  the  design  of  a  center, 
particularly  with  respect  to  the  design  of 
access,  the  volumes  which  occur  during  the 
hours  of  peak-traffic  flow  on  adjacent  arterials 
are  also  of  considerable  importance;  especially 

as  it    is  this   vement   which  will  affect   the 

operation  of  the  highway  proper.  The 
normal  Monday-through-Friday  peak-hour 
flow  on   the   highways   in   the   Seven   Corners 


area  occurred  between  5  and  6  p.m.  The 
shopping  center  generated  an  average  of 
1,500  vehicle  trips,  arrivals  plus  departures, 
during  this  time  period  (the  volume  entering 
and  exiting  was  evenly  divided  between  the 
two  adjacent  arterials,  Routes  50  and  7). 
Of  the  1,500  vehicle  trips,  approximately  80 
percent  had  originated  at  home  and  were  not 
making  intermediate  stops  as  part  of  the 
work-to-home  rush-hour  movement.  These 
1,200  home-based  vehicle  trips  give  some  indi- 
cation of  the  additional  demand  placed  upon 
the  arterials  in  the  immediate  vicinity  of  the 
shopping  center.  If  these  volumes  were  not 
anticipated,  this  additional  burden,  conflicting 
with  normal  peak-hour  traffic  movement, 
would  be  large  enough  to  create  a  serious 
problem  of  traffic  congestion  on  the  arterials 
serving  this  type  of  commercial  development. 

Parking  facility 

How  much  parking  space  should  be  pro- 
vided is  always  one  of  the  major  problems  in 
the  design  of  a.  shopping  center.  As  may  be 
seen  in  figure  4,  there  were  only  10  hours 
during  the  study  week  when  the  accumulation 
of  vehicles  at  Seven  Corners  reached  50  per- 
cent or  more  of  parking  space  capacity  —2,025 
spaces.  On  Saturday,  the  accumulation  of 
vehicles  surpassed  the  capacity  of  the  parking- 
area  by  2  percent,  resulting  in  considerable 
congestion  within  the  parking  area  as  well  as 
ai  the  entrances  to  the  center. 

figure  4  also  shows  the  percentage  of  park- 
ing spaces  used  for  the  two  major  categories 
of  merchandise  being  purchased — shopping 
goods  and  convenience  goods.  Shopping 
goods  were  those  which  the  customer,  in  the 
process  of  selection  and  purchase,  character- 
istically compared  the  suitability,  quality, 
price,    and/or  style   of  the   goods:    where   the 


customer  willingly  made  a  special  added  effo 
in  the  purchase  of  these  goods.  For  the  pu 
poses  of  this  study,  trips  for  shopping  gooi 
included  apparel,  furniture,  and  speciah 
merchandise,  such  as  flowers  and  jewelry. 

Convenience  goods  were  generally  iten 
which  the  customer  desired  to  purcha: 
frequently,  immediately,  and  with  a  minimu 
of  effort.  Habit  played  an  important  part 
the  purchase  of  convenience  goods.  For  tl 
purposes  of  this  study,  trips  for  this  categoi 
included  food,  drug,  variety,  and  hardwa 
merchandise,  as  well  as  personal  services,  sue 
as  barber  shop,  laundry,  and  dry-clean 
establishments. 

The  rate  at  which  vehicles  arrive  at  tl 
center  and  the  length  of  time  that  the, 
remain  are  two  factors  in  the  determinatio 
of  the  amount  of  parking  space  required  at 
shopping  center.  The  average  duration  <j 
parking  by  trip  purpose  at  Seven  Corners  | 
shown  in  figure  5.  The  most  significant  con 
parison  to  be  made  is  the  difference  in  tl 
duration  of  parking  between  trips  to  purchai- 
shopping  goods  and  those  made  to  purchas 
convenience  goods.  Fifty-five  percent  of  tf 
t  rips  attracted  for  the  purchase  of  shoppin 

e 1-  parked  1  hour  or  less;  the  average  dun 

tion  of  parking  was  1.5  hours.  In  comparisot 
80  percent  of  the  trips  attracted  for  cor 
venience-goods  purchases  parked  for  less  trig 
1  hour,  with  an  overall  average  duration 
parking  of  0.8  hours.1  The  above  percental 
mean  that  given  equal  and  sustained  rate 
of    arrival,    shopping-goods    traffic,    on    th 


1  The  curve  in  figure  5  pertaining  to  trips  for  the  purpH 
of  eating  is  undoubtedly  somewhat  in  error  as  evidenced  1. 
the  large  peicentage,  25  percent,  of  trips  with  durations  i 
excess  cf  1  hour.  This  error  is  felt  to  be  due  to  an  oversigq 
in  the  survey  procedures  which  did  not  ascertain  win  th. 
oi  not  people  coming  to  eat  at  the  center  wen'  also  plannin 
to  shop 
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Figure  4. — Accumulation  of  vehicles  at 


J:  average,  required  about  twice  as  much  park- 
1,1  ing  space  as  did  the  convenience-goods  traffic. 
To  provide  a  measure  of  the  overall  park- 
ing requirements  for  the  traffic  generated  by 
"'  ,hese  two  classifications,  the  peak  accumula- 
*  tion  for  each  category,  as  shown  in  figure  4, 
'  ',vas  divided  by  the  corresponding  total  weekly 
;i  Volumes  of  traffic.     These  measures,  expressei  I 
'  'n  terms  of  parking  spaces  per  1,000  vehicles 
™  t>er  week,  were  48  spaces  for  shopping-goods 
:  traffic,   and  26  spaces  for  convenience-goods 
raffle.     For  all  purposes,   39  parking  spaces 
)er  1,000  vehicles  a  week  were  required. 

Trip  purpose  distribution 

The  distribution  of  total  trips  arriving  at 
Seven  Corners  shopping  center  by  purpose  of 
rip  is  summarized  in  table  3.  Since  the 
amily  is  considered  to  be  the  basic  consumer 
init  attracted  to  suburban  shopping  centers, 
;he  analysis  of  family  trips  has  been  empha- 
ized  in  this  report.  For  the  purposes  of  this 
tudy,  a  family  was  considered  to  be  either  a 
ingle  member  of  a  family  or  two  or  more 
bersons  of  the  same  family  residing  in  the  same 
Iwelling  unit,  and  family  trips  were  measured 
3y  the  number  of  families  represented  by 
persons  arriving  at  the  center. 

As  indicated  in  table  3,  shopping-goods 
nerchandise  attracted  slightly  more  than  three 
imes  the  volume  of  family  trips  than  that 
.vhich  was  attracted  for  convenience  goods. 
The  importance  of  apparel  merchandise  in 
attracting  trips  to  the  center  is  apparent 
oecause  over  one-half  of  the  total  travel  to 
ihe  center  was  made  for  this  purpose. 

The  purpose  distribution  of  all  shopping 
trips  made  to  the  center,  shown  in  table  3. 
ndicated  only  the  primary  purpose  for  which 
a  trip  was  made  to  the  Seven  Corners  shopping 
enter.  Inasmuch  as  one  of  the  stated  ad- 
vantages of  a  large  regional  center  is  to  permit 
multipurpose  shopping  in  a  single  stop, 
additional  information  was  obtained  to  deter- 
mine the  extent  to  which  people  planned  to 
shop  for  more  than  one  category  of  merchan- 
dise before  coming  to  the  center.  This  is  not 
to  say  that  once  the  consumer  began  shopping 
at  the  center,  other  purposes  were  not  consid- 
ered; however,  in  the  latter  case,  the  secondary 
purchase  was  not  considered  by  the  individual 
upon  leaving  his  place  of  origin. 

Of  the  approximately  1,300  families  inter- 
viewed who  came  to  the  center  for  the  primary 
purpose  of  shopping,  only  18  percent  planned 
to  shop  for  more  than  one  type  of  merchandise 
at  the  time  they  arrived  at  the  center.     The 


NOON      2         4         ( 
HOUR  OF  DAY 
Seven  Corners  shopping  venter  as  a  nereentag 

number  of  primary  trips  and  the  percentage 
distribution  of  the  secondary  shopping  trips 
are  shown  in  table  4.  In  general,  families 
who  were  primarily  at  the  center  to  shop  for 
convenience  items  and  services  were  more 
likely  to  also  be  shopping  for  other  categories 
of  goods  than  were  those  primarily  interested 
in  shopping  goods.  This  information  would 
seem  to  indicate  that  although  the  regional 
shopping  center  offered  a  number  of  different 
types  of  merchandise  which  would  permit 
multipurpose  shopping  at  a  single  stop,  the 
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center  attracted  only  a 
trips  due  to  this  factor. 

Trip  generation  rates 

The  rates  at  which  tr 
Seven  Corners  are  show 
is  a  noticeable  difference 
tion  between  the  two 
categories;  the  floor  area 
goods  attracted  family 
was  20  percent  greater 
devoted   to  convenience 


limited  percentage  of 


ips  were  attracted  to 
n  in  table  5.  There 
in  the  rate  of  attrac- 
major  merchandise 
devoted  to  shopping 
trips  at  a  rate  that 
than  the  floor  area 
goods.     This   differ- 


Table  3. — Volume  of  trips  to  Seven  Corners  shopping  center,  by  purpose 


Purpose  of  trips 

Weekly  total  of— 

Vehicle  trips 

Family  trips 

Person  trips 

Number 

Percent 

Number 

Percent 

Number 

Percen t 

Shopping  goods: 
AppareL.    _.  

27,  573 
■1.  465 
1,877 

31.915 

3.  768 
4.337 
1.836 

52 
5 
4 

61 

8    N 

4 
19 

80 

8 
1 
9 
2 

100 

31.322 
2,586 
2,407 

53 
4 
4 

61 

7 
8 
3 

18 

79 

8 
1 
10 
2 

100 

53, 996 
4, 071 
3, 555 

61,622 

7,376 
7,  373 
2,520 

17,269 

56 

4 

4 

64 

8 
8 
2 

18 

82 

6 

1 
10 
1 

100 

Other 

Unknown 

All  shopping  goods . 

36,315 

3,  851 

4,  628 
1,856 

10, 335 

10.050 

4,849 
670 

0,  161 
968 

59,  298 

Convenience  goods: 
Food. 

Drug,  hardware,  variety.  .- 

Services 

All  convenience  goods     

9,941 

41,856 

4,248 
581 

4,829 
968 

Total  shopping _ 

78,  891 

5,301 

877 
9.  773 
1,426 

110.  .'OS 

Work 

Personal  business 

Eat 

52,  482 

HOURS    PARKED 

Figure  5. — The  duration  of  time  vehicles  ivere  parked  at  Seven  Corners  shopping  center. 

by  trip  purpose. 
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Table  4. — Distribut 

on  of  multiple- 

purpose  family  shoppiug  trips 

Primary  purpose 

Total 

Percent- 
age with 
no  sec- 
ondary 
purpose 

Percentage  of  trips  with  secondary  purpose 

Shopping  goods 

Convenience  goods 

Apparel 

Other 

Food 

Drugs, 
hard- 
ware, 

variety 

Services 

Shopping  goods: 

31, 322 
2,586 

3,851 
4,628 
1,856 
2,407 

46,  650 

84 
90 

54 
94 
60 

82 

3 

17 
3 
26 

3 

4 

8 
3 
11 

4 

4 
1 

3 

7 
4 

18 

3 

7 

l 
2 

3 

1 

Other    .        

Convenience  goods: 

Food       --- 

Drugs,  hardware,  variety 

Table  5. 


-Distribution  of  sales  floor  area  and  the  trip-generation  rates,  by 
type  of  merchandise 


Classification 


Shopping  goods: 

Apparel 

Furniture 

Specialty  items  '... 
Total  or  average- 
Convenience  goods: 

Food 

Drugs 

Hardware 

Variety - 

Services 

Total  or  average- 


Total  merchandise. 


Restaurant  and  lunch  counters. 
Gross  rental  area  s 


Sales  floor 
or  dining 

area 

(square 

feet) 


132, 100 
16,000 
41,400 

189, 500 


21,  700 

13,  900 
9,  300 

14,  800 
5,800 

65,  500 

255, 000 
10. 000 


Percentage 
of  floor  area 


52 

6 
16 

74 


9 
5 
4 
6 
2 
26 

100 


Weekly  volume  of  trips  per  1,000 
square  feet  of  sales  floor  area 


Vehicle 
trips 


209 
43 
168 

174 

111 

317 
152 

164 

483 

104 


Family 
trips 


237 
45 
192 

178 

119 

320 
158 

183 

616 

118 


Person 
trips 


409 

71 

325 

340 

189 

435 
264 

309 

977 

192 


1  Specialty  items  included  jewelry,  books,  records,  etc. 

2  Based  on  total  gross  rental  area  of  502,800  square  feet. 


ence  in  rate  of  attraction,  however,  is  some- 
what less  when  considered  in  terms  of  vehicles 
since  persons  purchasing  shopping  goods 
arrive,  on  the  average,  with  slightly  more  than 
one  family  per  vehicle. 

The  aforementioned  rates  of  attraction 
have  been  expressed  in  terms  of  total  weekly 
traffic.  If  they  were  to  be  expressed  in  terms 
of  average  weekday  traffic,  they  would  be 
equal  to  approximately  15  percent  of  the 
values  shown  in  table  5. 

Geographic  Distribution  of  Trips 

The  spatial  distribution  of  persons  making 
trips  to  a  regional  center  is  important  not 
only  to  the  location  and  operation  of  a  center, 
but  also  to  the  design  and  operation  of  adja- 
cent and  access  arterials  since  the  distribu- 
tion of  the  market  area  helps  determine  the 
major  directional  movement  of  traffic  to  the 
center.  In  this  article,  only  the  results  of 
trips  to  the  Seven  Corners  shopping  center  by 
residents  of  the  Virginia  section  of  the  Wash- 
ington, D.C.,  metropolitan  area  2  are  analyzed. 
These  trips  accounted  for  approximately  89 
percent  of  the  total  travel  to  the  center. 
The  other  11  percent  of  travel,  derived  from 
the  District  of  Columbia,  Montgomery  and 
Prince  Georges  Counties,  Md.  (6  percent), 
and  all  other  areas  outside  those  already  noted 

2  The  Virginia  section  of  the  metropolitan  complex  in- 
cluded all  of  Arlington  and  Fairfax  Counties  and  the 
cities  of  Alexandria  and  Falls  Church.  This  area  had  a 
total  population  of  408,000  in  1955. 

106 


(5  percent),  are  not  included  in  the  following 
discussion. 

The  accumulated   distribution   of  trips   by 
travel  time  for  residents  of  the  Virginia  sec- 


100 


tion  is  compared  with  the  distribution  < 
dwelling  units  in  the  same  area  in  figure 
The  more  rapid  increase  in  the  curve  of  a 
trip  purposes,  as  compared  to  the  curve  < 
dwelling  units,  indicated  that  a  greater  pe:< 
centage  or  frequency  of  trips  were  made  b 
residents  living  close  to  the  shopping  cente 

There  was  found  to  be  an  even  distributio 
in  the  actual  number  of  trips  between  tt 
areas  designated  as  being  inboard  and  OU' 
board  from  the  center.  However,  as  may  r 
seen  in  figure  7,  if  trip  frequency  is  compare 
rather  than  total  volumes,  there  is  a  significar 
difference  in  the  distribution  of  trips.  I 
general,  the  trip  frequency  to  Seven  Corne: 
by  families  residing  in  the  outboard  area,  we 
greater  than  those  made  by  families  residin 
in  the  inboard  area. 

In  figure  7,  the  extreme  fluctuation  in  th 
3  curves  representing  trip  frequency  froi 
the  outboard  area  between  15  and  30  minute 
is  believed  to  be  a  result  of  the  procedure  use 
in  analyzing  the  data.  In  summarizing  tri 
and  population  information  by  distanc* 
zones  of  the  1955  O-D  traffic  study  were  usee 
As  a  result,  it  was  necessary  to  arbitraril 
assign  total  zone  figures  to  a  single  incremen 
of  distance  even  though  zones  in  this  generj 
area  were  large  and  may  have  overlappe 
several  time-distance  bands. 

From  the  more  densely  populated  inboar< 
area,  where  many  of  the  competing  commercia 
concentrations  are  located,  including  th 
Washington,  D.C.,  central  business  district 
there  was  an  average  attraction  of  310  weekl; 
family  trips  per  1,000  dwelling  units.  Fron! 
the  outboard  area,  which  had  no  major  com 
peting  centers,  the  average  attraction  wa, 
556  weekly  family  trips  per  1,000  dwelling 
units.  This  difference  in  trips  indicates  th' 
marked  effect  that  competing  shopping  cenj 
ters  have  on  the  rate  at  which  trips  will  b 
attracted  to  a  shopping  center. 


5  10  15  20 

TRAVEL   TIME  — MINUTES 
Figure  6. — Accumulated  distribution  of  dwelling  units  and  family  trips  made  to  Seven 
Corners  shopping  center,  by  travel  time  and  trip  purpose. 
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Although  the  frequency  at  which  trips  were 
attracted  for  both  shopping  and  convenience 
goods  decreased  as  driving  time  to  the  center 
increased,  the  rate  of  this  decrease,  as  illus- 
trated in  figure  7,  was  less  rapid  for  shopping- 
goods  trips  than  for  convenience-goods  trips. 
The  relative  shortness  of  trips  for  convenience 
goods  is  further  emphasized  by  the  informa- 
tion illustrated  in  figure  6;  almost  one-half  of 
the  trips  for  convenience  goods  were  made  by 
families   residing   within    10    minutes   driving 
"|  time  of  the  center.     These  families  accounted 
for  only  one-fourth  of  the  trips  for  shopping- 
'   goods   purchases.     Shopping-goods    trips,    on 
'    the  average,  tended  to  be  approximately  25 
1    percent    longer    than    the    convenience-goods 
*  I  trips. 


Impact  on  Other  Commercial 
Concent  ra  tions 


fa 

The  estimated  impact  of  the  Seven  ( lorners 
shopping  center  on  trips  to  other  commercial 

11  concentrations  is  shown  in  figure  8.     These 
estimates  are  based  on  shopping  travel  data 
obtained   from   the    1955   Washington    metro- 
politan   area-   transportation   survey    and    the 
•assumptions  that  the  frequency   with   which 

'  people  shop  (i.e.,  trips  per  weekday  per  dwell- 
ing unit)  would  remain  constant  between  1955 
and  1957,  and  that  the  relative  attraction  of 
trips  to  the  selected  commercial  concentrations 

1    other  than  Seven  Corners  would  remain  the 

!If  same  in  1957  as  it  was  in  1955. 

Based  on  the  above  assumptions,  the  total 

•    number  of  shopping  trips  made  by  residents 

I  in  1957  within  the  Virginia  section  of  the  1955 
' '  transportation  study  cordon,  was  obtained  by 
;    multiplying  the  estimated  1957  dwelling  units 

I I  by  the  1955  frequency  of  shopping  trips  per 
dwelling    unit.     After    these    totals    were    re- 

1  duced  by  the  average  daily  number  of  trips 
attracted    to    Seven    Corners,    the    remainder 
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was  distributed  to  the  other  commercial  cen- 
ters in  the  same  proportion  as  they  were  in 
1955. 

The  three  major  commercial  groups  that 
compete  with  Seven  Corners  shopping  center 
for  shopping-goods  purchasers  were  then  se- 
lected for  a  comparison  of  shopping  trips  be- 
fore and  after  the  establishment  of  the  center. 
Due  to  their  close  proximity  and  the  relative 
ease  of  traveling  from  one  to  the  other,  the 
data  for  the  three  separate  commercial  con- 
centrations in  the  Clarendon  complex  and  the 
two  separate  concentrations  in  the  Alexandria 
complex  were  combined  into  single  groups. 
The  third  major  commercial  group  was  the 
Shirlington  shopping  center. 

At  the  time  of  the  study,  there  was  no 
department  stoic  at  the  Shirlington  shopping 
center.  The  Alexandria  complex  had  two 
department  stores,  both  limited  in  size,  while 
the  Clarendon  complex  had  three  department 
stores  of  120,000  square  feet  or  more. 

Within  the  limitations  imposed  by  the 
methods  of  estimation,  the  results  illustrated 
in  figure  8  give  an  indication  of  the  changes  in 
the  directional  movement  of  shopping  travel 
that  have  resulted  from  the  establishment  of 
the  Seven  Comers  shopping  center.  The 
major  point  indicated  is  not  that  the  com- 
peting centers  attracted  fewer  trips  as  a  result 
of  Seven  Corners,  for  these  losses  will  be  offset 
for  the  most  part  by  future  population 
increases  in  the  metropolitan  Virginia  area; 
but  rather,  it  points  up  the  fact  that  the 
frequency  and  volume  of  trips  attracted  to  a 
given  shopping  center  from  a  particular 
distance  or  residential  area  are  dependent 
upon  the  location,  composition,  and  size  of 
that  shopping  center,  relative  to  these  same 
factors  for  other  competing  centers. 

As  this  study  was  limited  to  an  examination 
of  travel   to  Seven   Corners  only,  it   was  not 
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possible  to  measure  these  "relative"  char- 
acteristics with  other  commercial  centers. 
Therefore,  the  relationships  shown  here  are 
only  indicative  of  the  magnitude  of  the  effect 
that  Seven  Corners  had  on  the  shopping 
habits  and  travel  patterns  of  the  area  under 
study  and  are  not  directly  applicable  to  a 
shopping  center  in  a  different  setting. 

The  location  of  the  four  commercial  concen- 
trations  and    the   percentage   distribution   of 
shopping  trips  estimated  for  each  concentra- 
tion is  shown  in  figure  8.      The  areas,  in  which 
in  1957  each  concentration  attracted  a  greater 
percentage    of    shopping    trips    than    did    the 
other  concentrations,  are  numbered  ]  through 
IV    to    correspond    to    the    Arabic    numbers 
locating  each  concentration.      Also  shown  is  a 
comparison  of  domination  for  the  years   1955 
and   1957,  before  and  after  construction  of  the 
Seven   Corners  center.      It    may  be  seen   that 
except  for  two  areas,  designated  IA  and  IIA, 
each  commercial  concentration  was  dominant 
in    the    general   area    where    the    concentration 
was     located.      For    example,     the     Clarendon 
complex  was  dominant   throughout  Arlington 
County     except    for     the    southwestern     and 
extreme    western    sections    where    Shirlington 
and  Seven  Corners  were  located.      It  was  diffi- 
cult    to     explain     the     existence     of     the     two 
exceptions,     IA     (where     Seven     Corners     was 
dominant)    and    IIA    (where    the    Clarendon 
complex  was  dominant),  although  there  were 
several  possible  explanations.     One   explana- 
tion  was   that    each   area    was    located   on   or 
adjacent    to  a   direct    route   to   the   centers   of 
dominance.     Another      possible      explanation 
advanced  was  thai  there  was  a  special  attrac- 
tion to  particular  stores,  especially  depart  ment 
stores,  within  these  centers  as  a  result  of  such 
factors  as  charge  accounts,   quality,   price,  or 
type   of   merchandise,   etc.      (Fig.   8   is  shown 
on  following  page.) 
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Figure  8. — Percentage  distribution  of  estimated  shopping  trips  to  selected  commercial  concentrations  in  1955  and  1957. 
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The  Effects  of  Enforcement  on  Traffic  Behavior 


BY  THE  DIVISION  OF  TRAFFIC  OPERATIONS 
BUREAU  OF  PUBUIC  ROADS 


IT  IS  GENERALLY  BELIEVED  that  po- 
lice patrol  significantly  influences  accident 
incidence,  especially  where  the  patrol  is  em- 
ployed selectively.  In  addition,  there  is  some 
evidence  to  indicate  that  enforcement  tech- 
niques affect  the  speed  distribution  of  the  traf- 
fic in  its  area  (2).1  However,  there  has  been  no 
clear-cut  proof  in  support  of  either  of  these 
effects  of  enforcement,  that  is,  on  accidents  or 
speed.  Furthermore,  there  are  no  data  to  dem- 
onstrate how  the  amount  of  patrolling  is  re- 
lated to  changes  in  traffic  behavior. 

The  purpose  of  the  study  reported  here  was 
to  examine  the  effects  of  different  degrees  of 
enforcement  on  three  traffic  variables.  First, 
it  was  hypothesized  that  the  speed  distribution 
of  traffic  should  be  affected  in  direct  proport  ion 
to  the  amount  of  enforcement.  Three  specific 
effects  or  combinations  of  them  are  possible: 

(1)  the  mean  speeds  are. significantly  reduced; 

(2)  the  percentage  of  drivers  exceeding  the 
speed  limit  is  significantly  reduced;  and  (3) 
the  variance  in  speed  is  significantly  reduced. 
Second,  if  police  patrol  tends  to  inhibit  drivers, 
they  may  then  take  alternate  routes  where 
available.  Thus,  it  was  hypothesized  that 
traffic  volumes  on  the  patrolled  routes  should 
decrease  while  those  on  the  parallel  control 
routes  should  increase.  Again,  the  change  in 
volume  should  be  directly  related  to  the 
amount  of  enforcement.  Third,  if  patrolling 
influences  accidents,  then  it  was  hypothesized 
that  accident  incidence  on  the  test  routes 
should  be  reduced  in  direct  relation  to  the 
amount  of  enforcement. 

The  experimental  design  and  the  data  in 
this  study  were  developed  by  the  Traffic  Insti- 
tute of  Northwestern  University  as  part  of  a 
cooperative  project  with  the  Bureau  of  Public 
Roads  and  the  Wisconsin  State  Highway  Pa- 
trol. The  work  was  originally  presented  in  a 
report  by  R.  P.  Shumate  (2).2 

The  present  study  is  a  re-evaluation  of  that 
data  and  arose  in  part  out  of  a  difference  of 
opinion  over  the  statistical  assumptions  em- 
ployed in  the  original  analysis  of  the  accident 
data.  The  statistical  assumptions  employed 
here  lead  to  different  conclusions  from  the 
original  report.  The  fact  that  there  were  dif- 
ferences indicates  that  conclusions  may  be 
highly  sensitive  to  the  statistical  analysis  em- 
ployed, and  that  extreme  care  must  be  exer- 
cised in  the  choice  of  method. 

A  second  and  even  more  important  reason 
for  extended  analyses  of  these  data  concerns 
the  design  of  the  experiment.     It  is  believed 


Reported  by  RICHARD   M.   MICHAELS, 
Research  Psychologist 

A  carefully  controlled  study  was  conducted  on  the  effect  of  different  amounts 
of  highway  police  patrol  on  accidents,  traffic  diversion .  and  speed.  Analysis 
of  the  data  indicated  that  although  there  was  no  significant  change  between 
test  and  control  routes  in  average  speed  or  percentage  over  the  speed  limit 
there  was  a  significant  reduction  in  the  variance  of  speeds  which  was  directly 
related  to  the  enforcement  level.  However,  no  effects  were  found  on  diversion 
or  €iccidenls.  The  latter  finding  was  at  variance  with  the  original  report  of 
the  study  and  was  due  to  the  nature  of  the  assumption  alum  I  the  accident 
distributions.  hi  general,  the  results  of  the  study  indicated  that  the 
effects  of  enforcement  may  be  very  subtle  and  may  influence  traffic  behavior 
in   a    very   indirect  fashion. 

Finally,  this  article  demonstrates  the  difficulties  involved  in  the  conduct  of 
many  kinds  of  field  research.  The  inability  to  obtain  adequate  control  over  the 
experimental  variables  and  the  limited  kind  of  measures  available  in  such 
research  often  make  interpretation  of  results  difficult  and  generalization 
often  suspect. 


1  Italic  numbers  in  parentheses  refer  to  a  list  of  references 
on  page  124. 

2  For  ease  in  presentation,  the  study  procedure  as  described 
in  Mr.  Shumate's  report  has  been  incorporated  in  this  art  icle. 
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that  this  study  was  one  of  the  best  designed 
studies  that  has  been  conducted  in  the  enforce- 
ment area.  It  was  actually  because  of  i  his  lie- 
lief  that  a  further-  analysis  was  worthwhile,  for 
it  allowed  an  insight  into  certain  aspects  of  en- 
forcement as  well  as  the  problems  inherent  in 
the  conduct  of  this  type  of  research.  It  should 
be  clear,  therefore,  that  the  differences  be- 
tween the  two  reports  are  due  to  differences  in 
the  analysis  and  interpretation  of  the  data  and 
not  to  the  design  and  conduct  of  the  research. 

Summary 

The  present  study  was  an  examination  of 
the  effect  of  differing  levels  of  enforcement  on 
three  traffic  variables:  accidents,  speed,  and 
volume.  It  was  hypothesized  thai  as  the  level 
of  enforcement  was  increased,  accident  fre- 
quency would  go  down;  traffic  would  divert 
to  alternate  routes;  and  the  mean  and  variance 
of  the  speed  distributions  would  decrease. 
Measurements  were  made  on  four  test  routes 
in  different  parts  of  the  State  of  Wisconsin. 
In  three  of  the  four  cases  a  parallel  control 
route  was  used. 

The  results  indicated  that  the  first  two 
hypotheses  were  not  supported.  No  reliable 
reduction  in  accidents  occurred  on  any  of  the 
test  routes  when  compared  with  their  controls. 
No  significant  diversion  of  traffic  occurred 
using  deviation  from  volume  trend  as  a. 
measure  of  change.  For  the  speed  distribu- 
tions, a  decrease  in  mean  speed  was  observed 
but  was  of  the  same  order  of  magnitude  as 
on  the  control  routes.  The  variance  of  these 
distributions  did,  however,  decrease  for  three 
of  the  four  test  routes  while  they  did  not  for 
the  control  routes.  The  observed  decreases 
were  statistically  significant.  In  addition,  the 
decreases  gave  some  indication  of  being 
directly  related  to  the  level  of  enforcement. 

It  was  suggested  that  the  results  indicated 
that     the    effects    of    enforcement    on     traffic 


behavior  were,  at  the  very  least,  indirect . 
The  enforcement  had  a  relatively  small  effect 
on  all  the  variables  measured.  The  reasons 
for  this  were  felt,  to  be  the  crudeness  of  the 
measures  employed  and  the  unreliability  of 
measurements  inherent  in  any  field  study  of 
this  magnitude. 

Procedure 

In  October  1955,  study  of  the  distribution 
of  accidents  throughout  t  lie  State  of  Wisconsin 
was^begun  to  select  four  routes  on  which  to 
conduct  tests.  The  principal  criterion  for 
selection  of  the  test  routes  was  frequency  of 
accidents.  In  order  to  have  any  possibility 
of  demonstrating  some  effects  on  accidents  by 
enforcement,  it  was  necessary  to  employ  sec- 
tions having  a  large  number  of  accidents, 
since  the  reliability  of  any  accident  reduction 
requires  a  reasonably  large  sample  of  accidents. 

Before  January  1956,  four  test  routes  were 
selected.  Each  had  an  expected  accident  fre- 
quency high  enough  to  provide  an  adequate 
sample.  These  routes,  as  shown  in  figure  1, 
are: 

Test  route  No.  I  26  miles  of  U.S.  Route  II, 
a  4-lane,  divided  highway  from  the  Illinois 
Stale  line  to  I  he   Milwaukee  County  line. 

Test  rot, I,  No.  -'  5'-'  miles  of  U.S.  Routes  12, 
18,  and  51  in  Dane  Counts'  of  which  approxi- 
mately I  miles  are  4-lane,  divided  highway 
with  partial  control  of  access  and  the  re- 
mainder 2-lane  highway. 

TestrouU  Vo.  S  104  miles  of  U.S.  Route  41, 
a  2-lane  highway  from  the  north  Milwaukee 
County  line  to  Green  Bay.  Parts  of  this 
section  had  to  be  eliminated  from  the  study 
because  of  major  highway  construction. 

Test  route  No.  4—208  miles  of  U.S.  Route  12, 
a  2-lane  highway  from  Baraboo  to  the  Minne- 
sota State  line. 

To  insure  that  data  from  tire  test  routes  did 
not      merely     reflect      a     general     decrease     or 

109 


increase  in  accidents  throughout  the  area,  a 
series  of  control  routes  were  established 
(fig.  1).  Each  control  route  had  approxi- 
mately the  same  length  and  the  same  design 
standards  as  the  test  route  for  which  it  acted 
as  a  control,  hut  was  geographically  removed 
from  the  test  sites  and  was  not  subjected  to 
any  enforcement  increase.  Each  control 
route  was  evaluated  in  the  same  manner  as 
the  test  routes.  Such  a  control  route  was 
available  for  three  of  the  four  test  routes. 

Method  of  measuring  enforcement 

To  make  meaningful  comparions  between 
test  routes  it  was  necessary  to  have  a  measure 
of  intensity  of  enforcement.  Common  meth- 
ods of  measuring  enforcement  effort  use  the 
number  of  recorded  enforcement  actions  taken 
by  officers  in  a  specified  time  and  area,  such  as 
arrest,  citations,  or  warnings.  Such  methods 
were  considered  and  rejected  because  proba- 
bility of  violation  and  subsequent  detection 
will  vary  considerably  from  one  test  route  to 
another.  The  method  finally  adopted  is 
based  on  the  probable  frequency  with  which  a 
driver  traveling  a  section  of  highway  could 
theoretically  encounter  a  readily  identified 
patrol  vehicle,  either  stopped  or  in  motion. 
It, is  expressed  as  the  average  number  of 
patrol  units  a  driver  would  pass  per  mile  of 
travel.      Thus, 

R 


i1/  = 


M 


where: 

M=The  average  number  of  miles  driven 

for  each  patrol  unit  observed. 
M=  Miles  of  highway  in  the  route  under 

consideration. 
Z2=The  number  of  patrol  units  assigned 

to  the  route. 

To  study  the  effect  of  various  intensities  of 
patrolling,  as  defined  in  the  preceding  para- 
graph, it  was  necessary  to  vary  either  the 
number  of  enforcement  units  assigned  to  each 
test  section  or  the  linear  miles  of  highway. 
The  difficulty  of  finding  four  short  sections  of 
highway  which  had  a  sufficiently  large  number 
of  accidents  prompted  the  decision  to  vary 
miles  of  highway  under  enforcement  rather 
than  varying  the  number  of  enforcement  units 
and  keeping  the  length  of  test  section  con- 
stant. The  variable  highway  mileage  was 
doubled  for  each  test  route  while  the  patrol 
units  were  maintained  at  eight  for  each  test- 
rout  e. 

Methods  of  assignment 

Methods  of  assignment  within  the  test 
routes  were  standardized.  Patrol  units  as- 
signed to  test  routes  were  relieved  of  all  duties 
which  would  take  them  away  from  the  test 
route.  In  those  instances  where  assigned 
personnel  were  required  to  be  away  from  the 
test  routes  for  extended  periods  relief  units 
were  substituted. 

To  distribute  patrol  evenly  over  the  test 
route,  enforcement  units  were  assigned  to 
route  sections  ranging  from  3  miles  in  test 
route  No.  1  to  25  miles  in  test  route  No.  4. 
Enforcement,  units  were  required  to  work 
within  their  assigned  sections  except  for  emer- 
gencies or  when  in  pursuit  of  violators.  All 
enforcement  units  were  readily  identifiable  as 
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Figure  1. — Highway  test  routes  and  control  roules  used  in  Wisconsin  enforcement  study- 


such,  being  marked  by  colored  decals,  two- 
tone  color  schemes,  special  number  plates, 
roof  lights,  and  police  radio  antennas.  Occa- 
sionally unmarked  units  were  used,  but  so 
seldom  that  any  special  effect  they  may  have 
had  would  be  negligible.  No  attempt  was 
made  to  standardize  enforcement  techniques. 
Personnel  had  been  taught  several  methods 
and  were  permitted  to  use  whatever  method 
seemed  most  appropriate  at  the  time. 

In  the  interest  of  economy  it  was  decided 
to  maintain  enforcement  units  on  duty  for 
only  18  hours  each  day.  Study  of  accident 
patterns  revealed  that  accidents  during  the 
18  hours  of  highest  frequency  each  day  ex- 
ceeded 80  percent  of  the  total  number  of 
accidents  occurring  in  any  given  period.  The 
peak  18  hours  for  each  test  area  was  predeter- 
mined and  assignments  made  accordingly. 
Work  assignments  were  varied  for  different 
days  of  the  week  to  accommodate  differences 
in  the  daily  accident  pattern. 


In  January  1956,  the  first  group  of  2- 
enforcement  officers  were  assigned  to  testj 
route  No.  1.  Enforcement  units,  each  con 
sisting  of  a  patrol  car  operated  by  a  singli 
uniformed  officer,  were  assigned  so  that  eigh 
units  were  on  duty  for  each  of  the  18  hours  o 
highest  accident  frequency.  This  required  II 
men  daily.  The  remaining  eight  men  weri 
used  as  relief  for  days  off,  sickness,  am 
vacations.  This  method  of  assigning  per 
sonnel  was  followed  on  each  of  the  subsequei 
test  routes. 

In  April  1956,  test  route  No.  2  was  placer 
under  patrol  using  methods  previously  de 
scribed.  In  August  and  November  of  the  sam 
year  test  routes  Nos.  3  and  4,  respectiveh 
were  placed  under  police  patrol.  Table 
summarizes  pertinent  data  concerning  eacl 
test  route. 
Accident  data 

Accident    experience   for    each   of   the   tesl 
routes  was  compiled  by  year  from  1950  throug 


Table  1. — Assignment  of  patrol  units  by  test  route 


Route  No. 


1 

2 

3 

4 


Patrol  began 


January  1956--- 

April  1956 

August  1956---- 
November  1956 


Duration 
of  patrol, 
months 


24 
18 
17 
13 


Miles  of 
highway 


26 

52 

104 

208 


Men  as- 
signed 


24 
24 
24 
24 


Average 

units  on 

duty  (18 

hours) 


Patrol  units 

passed  by 

average 

vehicle  per 

mile  of  driving 


0.  307 
.154 
.077 
.  038 
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Table  2. — Accident  data  on  the  experimental  routes  for  years  1950-57 


Year 

Number  of  accidents  on  route  No.  1 

Xumber  of  accidents 
on  route  No.  2  ' 

Xumber  of  accidents  on  route  No.  3 

Number  of  accidents  on  route  No.  4 

Test  route 

Control  route 

Test  route 

Test  route 

Control  route 

Test  route 

Control  route 

Fatal 

and  non- 
fatal 
injury 

Property- 
dam  age - 
only 

Fatal 
and  non- 
fatal 
injury 

Property- 
dam  age- 
only 

Fatal 
and  non- 
fatal 
injury 

Property- 

damage- 

only 

Fatal 
and  non- 
fatal 
injury 

Property- 

damage- 

only 

Fatal 
and  non- 
fatal 
injury 

Propcity- 

damage- 

only 

Fatal 
and  non- 
fatal 
injury 

Propel  ly- 
damage- 

only 

Fatal 

and  non- 
fatal 
injury 

Property- 
dam  aee- 

only 

1950 

88 
83 

too 

97 

109 

94 

78 
72 

92 
143 
13H 

219 

1711 
154 
19(1 
176 

24 
8 
14 
16 

15 
24 
17 
IS 

26 
34 
15 
28 

24 
21 
31 

22 

83 
108 
102 
101 

97 
144 
114 
102 

108 
165 

187 
201 

199 
200 
187 
107 

58 
60 

65 
65 

50 
09 
81 
52 

84 
112 

78 
87 

01 
85 
91 
56 

27 
31 

56 
20 

27 
29 
33 
36 

41 

67 
47 
54 

48 
40 
37 
47 

223 

197 
219 
221 

131 
184 
189 
170 

329 
315 
388 

377 

327 
327 
315 
284 

sc, 

S7 
120 
95 

'.IS 
92 
97 
97 

H. 1 
17s 
188 
169 

171 
107 
171 
144 

1951 

1952                

1953 

1954                   

1955 

1956            .--   

1957 

i  No  control  route. 

1957.  These  data  were  obtained  from  spot 
maps  maintained  by  the  State  Highway 
Commission.  Since  Wisconsin  law  required 
every  driver  involved  in  an  accident  which 
exceeded  $100.00  in  total  damage,  or  where  a 
physical  injury  was  sustained,  to  submit  a 
report  to  the  State  Motor  Vehicle  Depart- 
ment, information  on  the  spot  maps  was 
compiled  from  the  accident  reports. 

Accident  data  included  accidents  occurring 
throughout  all  24  hours  of  the  day.  Lack  of 
complete  records  made  it  impossible  to  sepa- 
rate accidents  occurring  only  during  the  18 
hours  each  day  that  enforcement  units  were 
on  duty.  However,  beeause  on  the  average 
80  percent  of  all  accidents  occurred  during  the 
18  hours  of  increased  enforcement  effort,  it 
was  assumed  that  changes  in  this  large  a 
portion  of  the  total  would  not  influence  the 
magnitude  of  the  entire  sample. 

Traffic  volume  data  on  each  test  section  were 
obtained  by  years  from  1051  through  1957 
from  the  State  Highway  Commission.  Sam- 
ples of  vehicle  speeds  at  selected  locations 
within  the  test  areas  were  also  obtained  for 
periods  of  time  both  before  and  after  the 
beginning  of  patrol  operations. 

Application  of  the  chi-square  test 

A  different  statistical  analysis  was  used  for 
each  hypothesis  tested.  For  the  accident 
data,  in  all  but  one  case,  a  2X2  chi-square 
test  was  employed  to  compare  test  and  control 
routes  for  the  2  years,  1955  and  1957.  In  the 
single  exception,  route  No.  2,  where  there  was 
no  control  route,  a  simple  chi-square  was 
computed  for  the  test  route  over  the  same  2- 
year  time  period.  Thus,  the  chi-square  test, 
in  utilizing  only  2  years  of  data — the  before 
and  after  time  period — disregards  all  other 
historical  data  that  were   available. 

In  the  original  report  of  this  study,  the 
assumption  was  made  that  there  was  a 
positive  trend  in  accidents  over  time.  There- 
fore, a  trend  line  was  fitted  to  the  accident 
frequency,  covering  a  9-year  period  for  which 
accident  data  were  available.  On  this  basis 
it  was  possible  to  predict  what  the  accident 
frequency  should  have  been  in  subsequent 
years  if  there  had  been  no  enforcement.  By 
measuring  the  deviation  of  the  accident 
frequency  for  the  period  of  increased  enforce- 
ment from  that  predicted  by  the  regression 
line,  it  was  inferred  that  a  significant  reduction 
in    accidents    occurred    on    the    experimental 
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routes.  The  existence  of  a  trend  was  an 
extremely  strong  assumption,  and  it  could  not 
be  wholly  validated  from  the  data.  If,  in 
fact,  there  was  no  reliable  trend,  then  use  of  a 
trend  equation  with  a  positive  slope  would 
tend  to  insure  a  significant  reduction  in  post- 
enforcement  years. 

Use  of  the  chi-square  test  does  not  require 
such  strong  assumptions.  On  the  contrary, 
the  chi-square  is  a  conservative  tesl  which 
used  the  control  route  data  as  the  basic  deter- 
minant of  any  significant  changes  in  accident 
frequency  on  the  experimental  route.  The 
test  assumed  no  change  in  accident  frequency 
from  before  to  after,  or  that  any  changes  in 
the  test  routes  were  due  to  factors  extraneous 
to  the  enforcement  variable  which  may  have 
been  expected  to  influence  the  control  route 
equally. 

The  volume  data  were  analyzed  by  measur- 
ing the  deviation  from  the  volume  trends  for 
the  years  1950-56.  Thus,  a  trend  line  was 
fitted  to  the  data  for  these  years.  Changes 
occurring  in  volume  in  1956  and  1957  were 
determined  and  compared  with  the  volume 
expected  on  the  basis  of  the  trend  line.  The 
assumption  that  traffic  volume  is  increasing 
with  time  is  a  reasonable  one  on  the  basis  of 
national  data  (3). 

The  speed  data  were  analyzed  using  the 
analysis  of  variance.  The  mean  and  standard 
deviation  of  the  speed  distribution  on  each 
route  were  computed  for  both  the  before  year 
(1955)    and    the    after   year    (1957).     It    was 


possible  i  hen  to  make  comparisons  both  within 
anil  between  each  route. 

Results  of  .Analysis 

The  accident  data  for  Hie  test  and  control 
routes  for  the  years  1950-1957  are  shown  in 
table  2.  Analysis  of  the  before  and  after 
dala  tire  shown  in  table  3.  On  till  routes 
except  Xo.  2,  a  2X2  table  was  available  and 
a  chi-square  test  performed. 

In  the  chi-square  tesls,  the  .05  level  of 
significance  was  used.  That  is,  the  hypothesis 
that  there  was  no  reduction  in  accidents  was 
rejected  only  if  I  he  measured  decrease  in  acci- 
dents could  have  occurred  by  chance  5  or  less 
times  in  100.  As  may  be  seen,  only  in  the 
case  of  test  route  No.  2,  having  0.154  patrol 
units  passed  per  mile,  was  there  a  significant 
reduction  in  fatal  or  injury  accidents.  In  this 
one  case,  no  control  route  was  available  so 
that  a  simple  comparison  was  made  between 
1955  and  1957.  It  should  be  noted  from  table 
2  that  1955  was  an  abnormally  high  year  for 
accidents  on  this  route.  Consequently,  ascrib- 
ing a  reduction  in  accidents  to  the  increased 
patrol  was  probably  unwarranted.  Compari- 
son of  the  accident  data  on  the  test  routes  wit  h 
those  of  the  rest  of  the  State  and  with  all  the 
control  routes  are  also  shown  in  table  3.  As 
nitty  be  seen,  a  significant  reduction  in  number 
of  accidents,  both  for  tesl  and  control  routes, 
occurred  for  all  conditions  except  for  property- 
damage-only  accidents  where  the  combined 
tesl  and  control  data  were  used. 


Table  3. —  Effects  of  enforcement  level  on  accidents,  by  tesl  and  control  routes 


Route  No. 

Patrol 
units 

passed 
per  mile 

on  test 
route 

Year 

Number  of  fatal  and  non- 
fatal injury  accidents 

Number  of  property-damage- 
niily  accidents 

Test 
route 

Control 
route 

Signifi- 
cance  "I 
change ' 

Test 
route 

Control 
route 

Signifi- 
cance of 
change > 

1               

0.307 

.154 

.077 
.038 

) 

1955 
1957 

1955 
1957 

1955 
1957 

1955 
1957 

1955 
1957 

1955 
1957 

94 
72 

144 
102 

69 

52 

1X4 
170 

501 
396 

501 
396 

24 
18 

29 
36 

92 

97 

3,788 
4.  222 

145 
151 

N.S. 
P  =  .05 

N.S. 
N.S. 

P<.01 
P<.05 

154 
176 

200 
H,7 

85 
56 

327 

284 

700 
683 

766 

683 

21 
22 

40 
47 

167 
144 

6.711 
6,  591 

228 

213 

N.S. 
N  S. 

P<.05 

N.S. 
P<02 
N.S. 

3                   

Combined  test  routes  vs. 
State  totals. 

Combined  test  routes  vs. 
control  sections. 

i  N.S.  =  not  significant. 


Ill 


Tabic    1. — Comparison  of  changes  in   traffic  volumes  on   test   routes  Nos.   1  and  4  after 
increased  patrol  with  traffic  volumes  on  control  route?  with  no  increase  in  patrol 


year 

Test  route 

(niit  rol  route 

Xo.  1 

Xo.  4 

\u   l 

Xo.  4 

( 'hange 
from  ex- 
pected 
value 

Level  hi 

■'III! 

icance  ' 

Change 
from  ex- 
pected 
value 

Level  ni 
signif- 
icance 

Change 
from  ex- 
pected 
value 

Level  "1 

signif- 

Icanci 

Change 
from  ex- 
pected 
value 

Level  of 
signif- 
icance 

1956 
1957 

-4.3 

-8.  7 

N.S. 
1'      07 

-2.  62 

N.S. 

+6.3 

vs. 
N.S. 

i  ., 

N.S. 

i  N.S.=nol  significant. 

These  results  indicate  thai  fur  the  more  dis- 
criminating comparison  between  llic  matched 
lest  and  control  routes  there  appeared  to  be 
little  reliable  ell'eel  due  lo  enforcement.  Re- 
gardless of  level  of  patrol,  the  differences  be- 
I  ween  test  and  conl  rol  routes  were  consistently 
small.  Also,  t he  significant  differences  found 
on  comparing  test  routes  with  the  State  as  a 
whole  had  to  be  interpreted  with  caution.  Al- 
though enforcement  may  have  been  one  of  the 
determining  influences,  a1  least,  two  other 
alternatives  are  possible.  One  alternative  is 
the  accident  frequencies  of  the  test  routes 
which  may  have  been  abnormally  high  prior 
to  the  study  period.  In  this  case  accident  fre- 
quencies would  reasonably  show  a  regression 
toward  the  expected  value  thereafter.  This 
would  appear  as  a  significant  reduction  when 
compared  to  the  more  reliable  State  figures. 
A  second  alternative  concerns  the  large  num- 
bers of  statewide  accidents  relative  to  the  test 
route  frequencies.  Very  large  cell  frequencies 
in  only  one  of  the  I  wo  halves  of  the  matrix 
used  to  compute  the  chi-square  increases  the 
probability  of  a.  significant  chi-square,  regard- 
less of  the  magnitude  of  change  in  the  half  of 
the  matrix  with  the  lower  cell  frequency. 
Either  of  these  alternatives  could  account  for 
the  anomalous  differences  among  the  data 
shown  in  the  tables. 

Traffic  volumes  and  speeds 

The  results  on  changes  in  traffic  volume  are 
shown  in  table  I.  For  the  change  in  volume 
over  the  7-year  period,  a  trend  equation  was 
derived  by  using  the  method  of  least,  squares. 
( lontrol  limits  were  derived  using  the  standard 
error  of  estimate.  The  volume  in  the  test 
year  was  compared  with  what  was  expected 
on  the  basis  of  the  trend  equation.  The  level 
of  significance  column  shown  in  the  table  is  the 
probability  of  the  observed  change  in  volume 
being  due  to   mere  chance.      As  may  be  seen, 


on  neither  test  nor  control  routes  did  the  vol- 
ume change  significantly.  Consequently,  it  is 
reasonable  to  conclude  that  enforcement,  did 
not  cause  a  significant  diversion  of  traffic  re- 
gardless of  the  intensity  of  enforcement. 

A  sample  of  approximately  3,000  vehicle 
speeds  was  obtained  for  both  1955,  the  last 
prepatrol  year,  and  1957,  the  first  full  year 
that  patrol  units  were  operating  on  all  test 
sections.  A  control  sample  of  approximately 
the  same  size  was  obtained  for  the  same  2 
years.  The  cont  rol  sample  was  obtained  from 
highways  having  characteristics  of  design  and 
volume  similar  to  the  test  sections,  but  far 
enough  removed  from  the  test  routes  to  mini- 
mize any  carryover  effect  from  enforcement. 
The  speed  samples  were  taken  by  the  highway 
department  as  part  of  their  annual  survey  of 
vehicle  speeds  and  were  obtained  during  day- 
light hours  and  while  traffic  was  mining  freely. 
All  samples  were  taken  at  points  where  speed 
limits  were  65  m.p.h.  for  passenger  cars  and 
45  m.p.h.  for  trucks. 

The  statistics  of  the  speed  distributions  for 
passenger  cars  and  t  rucks  are  shown  in  table  5. 
In  general,  the  mean  speed  for  both  trucks 
and  passenger  cars  decreased  for  both  test 
and  control  routes  from  1955  to  1957.  In 
view  of  this,  it  is  difficult  to  place  much  re- 
liance in  a  hypothesis  that  increased  enforce- 
ment reduced  the  average  speed  of  vehicles. 
While  there  were  definite  decreases  in  average 
speeds  in  1957,  as  compared  with  t955,  such 
decreases  followed  a  similar  pattern  through- 
out the  State  and  could  not  be  related  to  an 
increase  in  enforcement   activity. 

The  percentage  of  drivers  exceeding  the 
speed  limit  followed  the  same  pattern  as  the 
mean  speeds.  There  were  decreases  from 
1955  to  1957  on  both  experimental  and  control 
routes.  However,  the  changes  on  the  test 
routes  had  no  clear-cut  relation  to  enforce- 
ment level.     Thus,   although  there  were  de- 


creases in  the  proportion  of  vehicles  over  the 
speed  limit,  there  was  little  evidence  to  sup 
port  the  hypothesis  that  this  was  due  to  thi 
increased  patrol. 

Difference  in  variance 

The  variances  on  the  test  and  control  route; 
were  compared  using  an  F  test.  The  F  tes' 
is  a  test  of  the  differences  between  variance: 
(S2)  and  is  the  ratio  of  the  larger  variance  t( 
the  smaller.  The  data  are  shown  for  passen 
ger  cars  and  trucks  in  table  6.  It  should  b< 
noted  that  for  passenger  cars  there  was  ; 
significant  reduction  in  the  variability  ii 
speed  in  three  of  the  four  test  routes  but  ir 
none  of  the  control  sections.  For  trucks 
only,  test  routes  Nos.  1  and  4  show  a  signifi- 
cant decrease.  However,  the  control  routf 
for  No.  4  also  showed  a  significant  change 
from  1955  to  1957.  It  should  be  furlhei 
noted  that  the  magnitude  of  the  F  test  ratio: 
decreased  for  the  first  three  test  routes  as  the 
amount  of  enforcement  decreased.  This 
occurred  for  both  passenger  cars  and  trucks 
A  plot  of  the  variance  ratio  against  enforce 
ment  level  is  shown  in  figure  2.  For  tlu 
enforcement  levels  of  zero  shown  in  the  curve 
the  values  of  the  ratio  of  speed  variances  wen 
obtained  by  averaging  the  ratios  for  the  coi 
trol  sections  as  shown  in  table  6.  This  nun 
indicate  that  one  effect  of  enforcement  is  tc 
cause  drivers  to  cluster  more  nearly  about  tin 
mean  speed  and  to  do  so  in  some  relation  t( 
the  frequency  with  which  drivers  as  a  whoh 
encounter  police  patrol. 

Discussion  of  the  Data 

The  results  of  this  study  as  analyzed  here 
indicate  quite  clearly  that  any  effects  of 
enforcement  on  traffic  behavior  are  quite 
indirect.  In  part,  this  was  due  to  the 
measures  used  to  infer  the  effects  of  police 
patrol.  Accidents  are  an  obviously  inefficient 
measure.  They  are  rare  events  in  both  time 
and  space,  having  complex  causes.  The 
variety  of  contingent  factors  underlying  theii 
occurrence  limits  their  use  as  a  reliable  cri 
terion  of  improvement  techniques  excep 
under  the  most  restricted  of  conelitions.  Ii 
the  normal  field  situation  this  is  rarely  thi 
case.  In  addition,  the  number  of  interacting 
factors  involved  in  the  generation  of  an  acci- 
dent are  generally  so  large  that  the  effect  ol 
any  one  variable  will  be  negligible.  Such 
complexity  almost  insures  defeat  in  the  isola 
tion  of  the  influence  of  enforcement  on 
traffic  behavior. 


Table  5. — Speeds  of  passenger  cars  and  trucks  on  test  and  control  routes  for  1955  and  1957 


Route  No. 

Test  routes 

Control  routes 

1955 

1057 

1955 

1957 

Mean 

Standard 
deviation 

Sample 

size 

Mean 

Standard 

deviation 

Sample 
size 

Mean 

Standard 
deviation 

Sample 
size 

Mean 

Standard 

deviation 

Sample 
size 

Passenger  curs: 
l 

M.p.h. 

Ml    h| 

54  56 
52.  53 
57.  52 

48.  21 
46.51 

51.25 
17.  58 

7.  88 
8.78 
7.08 
7.25 

4.31 

6. 16 
5.  08 
5.84 

SI  10 

1,512 

573 

010 

140 
268 

ISO 

197 

M.p.h. 

56.  70 
54.58 
46,  68 
51.74 

42.50 

43.  45 
14.07 

15   in 

M.p.h. 
4.74 
7.54 
7  34 
6.  60 

2  72 
5.  52 
5.  54 
1  82 

011 
454 

870 
016 

135 
120 
117 
ISO 

M.p.h. 
55. 90 
50.  23 
57.  04 
49.  32 

49.  17 
is  7.'i 
53.  72 
49.12 

M.p.h. 
7.86 
8.61 
8.47 
7.81 

4.  65 
7.37 
6.62 

5.  12 

410 
898 
780 
505 

93 

100 
102 
77 

M.p.h. 
51.80 
48. 15 
54.  62 
46.35 

41.75 
42.  62 
44.37 
43.33 

M.p.h. 
8.76 
8.35 
8.89 
7.94 

3.97 

6.  49 
6.01 
6.86 

410 
1,  127 

661 
1,189 

127 
125 
117 
1S6 

2 

3 

4 

Trucks: 
1 



1 

112 
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Enforcement  influence  on  speed 

It  would  seem  more  reasonable  to  examine 
a  feature  of  traffic  behavior  more  directly 
sensitive  to  events  occurring  in  traffic  and 
which  are  under  the  conscious  control  of  the 
driver.  This  is  generally  the  case  with  vehicle 
speed,  for  this  is  one  of  the  basic  modes  of 
vehicle  control  available  to  the  driver  and 
should  be,  therefore,  one  to  which  he  is  most 
responsive.  It  would  seem  reasonable  that 
speed  would  be  a  primary  dimension  that  a 
driver  would  employ  to  compensate  for  any 
pressure  he  felt  from  the  presence  of  enforce- 
ment. Thus,  speed  would  be  one  basic 
variable  for  detecting  the  influences  of  en- 
forcement on  traffic  behavior. 

The  mechanisms  by  which  police  patrol 
may  operate  to  influence  speed  changes  are 
obviously  complex.  However,  such  social 
symbols,  i.e.  police,  may  be  expected  to 
function  at  least  as  agents  for  inducing  con- 
formity in  social  behavior.  In  terms  of 
drivers'  speed  responses  this  may  take  one 
of  two  forms.  First,  those  drivers  who  are 
exceeding  the  speed  limit  would  be  the  ones 
most  responsive  to  patrol.  Therefore,  it  is 
reasonable  to  predict  that  the  proportion  of 
the  drivers  exceeding  the  speed  limit  should 
decrease.  Comparison  of  the  test  and  control 
routes  for  the  study  years,  1955  and  1957, 
indicate  that  such  a  hypothesis  is  not  sup- 
ported. Although  there  was  a  reduction  in 
the  proportion  of  drivers  exceeding  the  speed 
limits,  this  reduction  was  similar  on  both 
control  and  test  routes. 

The  second  hypothesis  is  that  patrol  in- 
fluences all  drivers.  In  the  case  of  speed,  it 
is  most  reasonable  to  believe  that  any  move- 
ment toward  conformity  would  take  the  form 
of  a  general  regression  of  all  speeds  toward 
the  mean  of  the  traffic  stream.  This  would 
naturally  lead  to  a  reduction  in  the  variance 
of  the  speed  distribution.  The  data  obtained 
in  this  study  indicate  that  this  second  hy- 
pothesis is  quite  reasonable.  From  table  (> 
it  may  be  mvh  that  for  passenger  cars  in 
three  of  the  four  test  routes,  the  amount  of 
reduction  in  variability  of  speed  seems  to 
decrease  in  direct  proportion  to  the  amount 
of  enforcement. 

These  data  are  of  interest  in  light  of  some 
recent  findings  on  the  relation  between  acci- 
dent rate  and  travel  speed  (4).  It  was  shown 
that  the  accident  involvement  rate  rose 
rapidly  for  vehicle  speeds  less  than  40  m.p.h. 
These    speeds    were    observed    on    roads    on 
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(Numbers  1—4  represent  the  test  routes). 


which   the  average   sp 1   was   52   m.p.h.     A 

similar,  but  less  conspicuous,  increase  was 
observed  for  speeds  in  excess  of  75  m.p.h. 
on  the  same  roads.  Thus,  drivers  operating 
in  the  extremes  of  the  speed  distribution 
tended  to  come  into  traffic  conflict  more  fre- 
quently (on  a  rate  basis)  than  those  travelling 
at  or  near  the  mean.  This  suggests  that  when 
the  variance  of  the  speed  distribution  is  high, 
the  frequency  and  magnitude  of  the  speed 
difference  judgments  that  drivers  must  make 
are  also  high.  Any  corrective  action  these 
judgments  require  may  be  similarly  extreme. 
Consequently,  errors  of  judgment  or  response 
may  be  magnified  sufficiently  to  generate  an 
accident.  In  light  of  this  analysis,  the  present 
data  are  suggestive  of  a  way  in  which  enforce- 
ment may  influence  accidents.  For  if,  in 
fact,  police  patrol  causes  a  reduction  in  the 
variance  of  speed,  then  it  would  reduce  the 
frequency  of  extreme  judgments  and  decisions 
in  driving.     Thus,  the  driver  would  be  forced 


Table  6. — Differences  between  variances  (.S2)  of  passenger  cars  and  trucks  for  1955  and 

1957 


Route  No. 

Test  routes 

Control  routes 

S2(1955) 

S2(1957) 

F 

Proln- 
bility  i 

SH1955) 

.SK1957) 

F 

Proba- 
bility i 

Passenger  cars: 

1 

62.09 
77.08 
50.12 
52.56 

18.57 
37.94 
25.80 
34.10 

22.46 
58.37 
53.87 
43.56 

7.39 

30.47 
30.  60 
23.  23 

2.76 
1.35 

1.07 
1.21 

2.51 
1.24 
1.19 

1.47 

<.01 
<.01 

N.S. 
<.01 

<.01 

N.S. 
N.S. 
<.01 

61.77 
74.13 

71.74 
60.99 

21.62 

54.31 
43.82 
26.  21 

76.73 

69.72 
79.03 
63.04 

15.76 
42. 12 

36.12 
47.06 

1.18 
1.06 
1.02 
1.03 

1.38 
1.29 
1.21 
1.78 

N.S. 
N.S. 
N.S. 
N.S. 

N.S. 
N.S. 
N.S. 
<.01 

2 

3. 

4 

Trucks: 

1 

2 

3 _ 

4 

to  make  fewer  extreme  responses  with  their 
attendant  possibilities  for  extreme  errors,  i.e., 
accidents. 

If  this  is,  in  fact,  one  way  in  which  police 
patrol  does  function,  then  it  is  understandable 
why  little  reliable  evidence  exists  relating 
accidents  and  level  of  enforcement  activity. 
First,  of  all,  policing  would  be  related  to 
accidents  only  through  second  order  or  mediat- 
ing processes,  e.g.,  speed.  Its  effects  would 
then  be  highly  indirect.  Secondly,  speed  is 
not  a  unique  determinanl  of  accidents,  but 
only  one  of  many.  Thus,  the  proportion  of 
all  accidents  in  which  speed  differences  are  an 
important  determinanl  may  be  a  relatively 
small  part  of  the  total  accident  distribution. 
Consequently,  the  accident  reduction  oc- 
curring when  enforcement  is  increased  will 
vary  in  each  situation  depending  upon  the 
type  of  interactions  among  the  variables 
determining  the  accident  distribution.  From 
the  present  data,  it  would  appear  that  speed 
variability,  on  the  test  routes  used,  repre- 
sented only  a  small  factor  in  the  total  accident, 
process. 

It  should  be  pointed  out  that  the  results  of 
this  study  do  not  offer  clear  proof  of  the  :ib<>\  e 
analysis.  The  data  are  at  best  suggestive. 
Several  considerations  prevent  an  unequivocal 
interpretation  of  the  data.  One  consideration 
is  the  obvious  discrepancy  in  the  data  for  test 
route  No.  4  which  had  the  lowesl  level  of 
enforcement.  From  table  6  it  may  be  seen 
that  this  route  showed  a  significant  reduction 
in  speed  variability.  From  the  available  data 
it  is  difficult  to  explain  this  change.  However, 
test  route  No.    I   was  the  longest   of  the  four 


1  N.S.=not  significant. 
PUBLIC  ROADS  •  Vol.  31,  No.  5 


(Continued  on  jmne  124) 


113 


Appraisal  of  0-D  Survey  Sample  Size 


BY  THE  DIt  ISION  OF  HIGHWAY  PLANNING 
BUREAU  OF  PUBLIC  ROADS 


TRAVEL  BY  INDIVIDUALS  has  the 
characteristic  of  being  habitual.  Further- 
more, the  travel  habits  of  different  individuals 
are  similar  for  the  many  types  of  trips  gen- 
erally made.  For  these  reasons,  sampling 
procedures,  such  as  the  home-interview  type 
of  origin  and  destination  survey  developed 
l>v  the  Bureau  of  Public  Roads,  can  be  used 
to  determine  travel  information  for  a  metro- 
politan area. 

The  accuracy  of  informal  ion  developed 
from  a  home-interview  survey,  and  indeed 
from  any  type  of  sampling  procedure,  is  to  an 
important  degree  dependent  upon  the  sampl- 
ing rate  used.  Sampling  rates  employed  in 
origin  and  destination  surveys  have  usually 
been  based  on  population  and  area.  In  a 
large,  densely  populated  area  a  smaller  sam- 
pling rate  is  used  than  in  a  small,  less  densely 
populated  area.  The  sampling  rate  deter- 
mined is  based,  predominantly,  on  the  number 
of  interviews  needed  to  provide  a  reliable  rep- 
resentation of  the  overall  travel  in  the  city. 
The  zone-to-zone  movements  developed,  how- 
ever, have  been  used  to  present  a  picture  of 
travel  desires  and  to  aid  in  the  location  of 
needed  transportation  facilities. 

The  results  of  an  origin-destination  survey 
are  also  accumulated  on,  or  assigned  to,  pro- 
posed highway  facilities  for  design  considera- 
tions. How  accurate  are  these  accumulated 
values  that  have  been  expanded  from  the  sur- 
vey sample  to  represent  average  daily  move- 
ments? The  purpose  of  the  study,  herein  re- 
ported, was  to  determine  tile  relationship 
between  the  home-interview  type  of  origin 
and  destination  survey  sampling  rates  and  the 
accuracy  of  \olumes  that  are  accumulated 
I  herefrom. 

Measures  of  the  accuracy  of  accumulated 
volumes  have  been  determined  for  various 
sampling  rates  and  predictive  equations  de- 
veloped for  determining  the  sampling  rate 
needed  for  a  desired  accuracy  at  any  volume. 
Since  sample  rate  affects  the  accuracy  of 
volumes  used  for  design  purposes,  an  estimate 
can  be  made  of  the  frequency  that  facilities 
so  designed  will  be  loaded  beyond  capacity  or 
conversely,  the  frequency  that  such  facilities 
will  have  more  lanes  than  are  actually  required. 

Sonne  of  Data 

The  data  used  for  this  study  were  developed 
from  the  home-interview  phase  of  the  1957 
Phoenix- Maricopa  County.   Ariz.,   traffic  sur- 


1  This  article  was  presented  at  the  39th  Annual  Meeting 
'■i  the  Highwaj  Research  Hoard,  Washington,  D.C.,  Jan- 
uary 1960. 
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Reported'   by  ARTHUR   B.  SOSSLAU  and   GLENN   E.   BROKKE, 

Highway  Research  Engineers 

The  objective  of  litis  research  was  to  determine  lite  relationship  between 
home -inter view  type  of  origin  and  destination  surrey  sampling  rales  and  the 
error  thai  can  be  expected  in  the  volumes  accumulated  from  such  a  survey. 

The  dala  analyzed  ivere  taken  from  the  home -interview  phase  of  the  1V57 
Phoenix-Maricopa  County,  Ariz.,  traffic  study.  Since  individual  zone-to-zone 
movements  have  insufficient  volume  to  be  reliable  indicators,  a  method  called 
"trip  tracing''  was  used  to  accumulate  individual  zone-to-zone  trip  volumes 
for  statistical  study. 

The  results  indicate  that  the  accuracy  of  accumulated  trip  volumes  is  con- 
siderably less  than  the  accuracy  predicteil  by  a  purely  theoretical  approach. 
However,  the  results  agree  qualitatively  with  theory  in  that  the  accuracy  of 
trip  volumes  varies  with  the  square  root  of  sample  size  and  very  nearly  with 
the  square  root  of  the  volume.  The  equations  developed  should  allow  the 
selection  of  a  sample  rate  commensurate  with  the  funds  available  and  the 
degree  of  accuracy  required. 


vey.  The  survey  area  covered  225  square 
miles  and  contained  a  population  of  397,000 
persons.  Of  the  survey  area,  the  city  of 
Phoenix  occupied  36.3  square  miles  and 
included  192,500  persons.  The  survey  area 
was  divided  into  135  zones,  which  were 
smaller  in  area  in  the  downtown  section  of 
Phoenix  and  larger  in  the  outlying  areas. 

The  sample  rate  used  in  the  home-interview 
phase  of  the  origin  and  destination  survey  was 
1  in  every  15  dwelling  units,  or  6.67  percent. 
This  rate  resulted  in  a  total  sample  of  8,743 
dwelling  units.  The  trips  analyzed  were 
those  having  both  origin  and  destination 
within  the  survey  area.  All  trips,  regardless 
of  mode  of  travel,  were  considered.  The  total 
expanded  number  of  internal  trips  was  839,398. 
Separated  by  mode,  it  was  as  follows: 

Automobile  drivers 548,  439 

Automobile,  truck,  and  taxi 

passengers 233,  536 

Bus  passengers. _         57,423 

The  survey  personnel  had  checked  the 
expanded  household  data  against  the  1950 
decennial  census  and  the  1953  special  census 
with  satisfactory  results.  Also  the  expanded 
travel  data  had  been  compared  with  two 
screenline  ground  counts  made  during  the 
survey.  The  survey  data  accounted  for  89.3 
percent  of  the  vehicles  crossing  the  screenlines 
from  6  a.m.  to  10  p.m.  on  an  average  weekday. 

Method  of  Study 

Individual  zone-to-zone  movements  ob- 
tained from  a  home-interview  type  of  origin 
and  destination  survey  cannot  be  used  as  the 
basis  for  sound  conclusions  regarding  sample 
size  due  to  the  predominance  of  small  volume 
movements  between  many  zones.2  Any 
sample  size,  within  the  limits  of  economic 
feasibility,    would    be    too    small    to    produce 


accurate  expanded  values  for  these  small 
movements;  but  the  individual  zone-to-zone 
movements  do  not  necessarily  have  to  be 
accurate  if  their  summation  reasonably  repre- 
sents travel  accumulations  throughout  a  city. 

A  method  referred  to  as  trip-tracing,2  has 
provided  the  means  for  determining  and 
checking  distribution  of  travel  throughout  an 
area.  By  this  method  zone-to-zone  movements 
are  traced  across  a  city  in  a  straight  line 
between  origin  and  destination.  After  the 
equation  of  the  straight  line  between  the  two 
zones  has  been  obtained,  the  points  of  inter- 
section of  this  line  with  previously  established 
gridlines  are  determined.  The  volume  of 
trips  being  traced  is  added  to  volumes  previ- 
ously accumulated,  for  other  zone-to-zone 
movements,  at  the  section  of  the  gridline  being 
crossed.  After  all  zone-to-zone  movements 
have  been  similarly  traced  across  the  city, 
the  result  is  the  accumulated  number  of  trips 
per  section  of  gridline. 

The  length  of  the  sections  of  gridline,  in 
which  the  volumes  are  accumulated,  is  chosen 
in  accordance  with  the  size  of  the  accumula- 
tions desired.  If  large  accumulated  volumes 
are  desired,  large  sections  are  used,  and  vice 
versa. 

A  grid  system  was  superimposed  over  the 
Phoenix-Maricopa  County  traffic  study  area 
and  is  illustrated  in  figure  1.  The  southwest 
corner  of  the  city  was  designated  as  origin 
of  the  rectangular  coordinate  system.  North- 
south  gridlines  were  placed  at  2,  3,  4,  5,  5.5, 
6,  7,  8,  9,  10,  12,  and  14  miles  from  the  origin, 
and  east-west  gridlines  at  4,  6,  7,  8,  8.3,  9, 
10,  11,  12,  13,  and  15  miles  from  the  origin. 
The  closer  spacing  of  gridlines  was  at  the 
more    densely    populated   part    of   the   study 


2  Evaluating  trip  forecasting  methods  with  an  electronic 
computer,  by  Olonn  E.  Brokke  and  William  L.  Mertz. 
Phm.ic  Roads,  vol.  30,  No.  4,  Oct.  1958,  pages  77-87. 


December  1960  •  PUBLIC  ROADS 


area.  Kadi  gridlinc  was  broken  into  'j-inilc 
sections  for  volume  accumulation  purposes, 
as  shown  diagrammatically  in  the  upper  right 
corner  of  figure  1.  The  north-south  gridlines 
were  17  miles  long  and  the  east-west  lines, 
16  miles  long.  This  resulted  in  1,520  %-mile 
sections  (17  miles  X  4  sections  per  mile  X  12 
gridlines  +  16  miles  X  4  sections  per  mile 
X  11  gridlines).  The  volumes  accumulated 
on  the  j4'-mile  sections  ranged  from  0  to  35,000 
,  trips. 

Features  of  the  procedures  that  have  been 
described  are  as  follows: 

1 .  The  result  of  the  trip-trace  accumulation 
is  a  spatial  distribution  of  trips  throughout 
the  city  representing  the  travel  desires  of  the 
population.  The  trips  are  traced  in  such  a 
manner  that  each  zone-to-zone  movement  is 
made  by  the  most  desirable  path — a  straight 
line. 

2.  Long  trips  are  weighted  more  heavily 
than  short  trips  since  more  gridlines  are 
crossed.  This  is  analogous  to  long  trips 
using  more  of  a  road  network  than  shorter  trips. 

3.  The  resulting  accumulation  of  trips  pre- 
sents a  picture  of  travel  analogous  to  accumu- 
lations of  trips  on  a  street  system. 

The  trip-tracing  procedure,  much  too 
lengthy  for  manual  computation  methods,  is 


Table  1. — Volume  group  .summary 


Volume  group  No. 

\  olume  'ji hup  range 
(average  daily 
person  trips) 

\  umber  of 

sections  having 

volumes  within 

range 

Me  hi  volume 

of  group  - 
(averagi  dailj 
person  trips) 

l 

0.1-       199.9 
200.0-      399  ■■) 

100.  0          599.  9 
600.0-       799.9 
800.  0-      999.  9 

1,000.0-  1,499.9 
1.51)0.0-  1,999.9 
2,000.0-  2,499.9 
2,  501).  0-  3,  499.  9 
3,500.(1     4,499.9 

4,  500.  0-  5.  499  9 

5,500.0-  7,999.9 

8,  000.  0-  9,  999.  9 

10,000.0  14,999  9 

15,000  ami  over 

268 

88 

09 
45 

51) 

80 
56 
58 
86 
62 

42 

07 
41 
31 
28 

91.  1 
283.  2 
186  7 
682  ii 
893  3 

1.1241.5 
1,763.4 
2,257  1 
2,  99X  li 
1,001.  1 

5,020.9 

li,  759.  3 

'  8,961.8 

12,401.3 

•21,(1X9,9 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

1 

1  The  number  of  sections  do  not  equal  1,520 since somesections did  not  hi 

across  them. 
-  Tlic  mean  volume  was  determined  from  the  total  sample 


veany  trips  traced 


readily  adaptable  to  computation  on  an  elec- 
tronic computer  of  medium  size.  Therefore, 
a  computer  program  was  developed  to  trace 
the  Phoenix- Maricopa  County  trips  across  the 
survey  area.  Computer  programs  were  also 
developed  to  handle  the  various  statistical 
computations  that  were  necessary  for  this 
study.  A  simplified  flow  chart  of  the  trip- 
tracing  program  is  shown  in  figure  2.     (len- 
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Figure  1. — Design  of  the  Phoenix-Maricopa  County  grid  system. 
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erally,     the     following     computations     were 
carried  out : 

1.  From  the  coordinates  of  the  two  zones 
being  handled,  the  equation  of  the  straight 
line  passing  between  them  was  determined. 

2.  The  points  of  intersection  of  the  line 
find  the  north-south  and  east-west  gridlines, 
to  the  nearest  quarter  of  a  mile,  were  deter- 
mined. 

3.  The  number  of  trips  being  traced  were 
then  added  to  the  volumes  previously  accumu- 
lated in  the  computer  memory  locations  rep- 
resenting the  1,520  'j-mile  sections. 

All  of  the  internal  Phoenix-Maricopa 
County  home-interview  trip  cards,  represent- 
ing the  expanded  results  of  the  l-in-15 
dwelling-unit  sample,  were  processed  through 
the  trip-tracing  program  to  determine  the 
spatial  distribution  of  trips  throughout  the 
survey  area.  The  original  fleck  of  cards  was 
then  sorted  by  sample  number  into  two  one- 
halfNsubsamples,  each  representing  a  l-in-30 
dwelling-unit  sample.  Each  one-half  sub- 
sample  was  then  separately  run  through  the 
computer  to  determine  the  spatial  distribution 
of  the  two  l-in-30  dwelling-unit  samples. 
Similarly,  the  original  deck  was  systematically 
stratified  by  sample  number  into  3  one-third 
subsamples,  and  10  one-tenth  subsamples,  and 
each  subsample  processed  through  the  trip- 
tracing  program. 

Statistical  procedure 

Use  of  the  total  Phoenix-Maricopa  County 
traffic  survey  data  resulted  in  accumulated 
average  daily  volumes,  in  the  1,520  'j-mile 
sections,  ranging  from  (I  to  35,000  person- 
trips.  Similarly,  each  of  the  subsamples 
processed  through  the  trip-tracing  program 
resulted  in  accumulated  volumes  in  each  sec- 
tion. It  should  be  noted  that,  as  each 
subsample  zone-to-zone  movement  was  I  raced, 
the  volume  was  expanded  to  represent  actual 
movement.  For  example,  as  each  one-third 
subsample  trip  card  was  processed,  the  trip 
factor  on  the  card  was  multiplied  by  three. 

The  data  resulting  from  the  trip-tracing 
program  were  analyzed  by  comparing,  on  a 
1  i-mile  section  basis,  the  expanded  subsample 
accumulations  against  the  total  sample 
accumulations.  It  was  not,  however,  con- 
sidered practical  to  report  the  error  for  each 
section.       Instead,    the     1,520    54-mile    sections 
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were  stratified  into  15  volume  groups,  and  the 
individual  errors  were  accumulated  and  sum- 
marized for  each  volume  group.  Such  a 
process  produced,  for  each  of  the  3  subsamples 
tested,  L5  errors  and  the  average  volume  at 
which  the  error  occurred.  The  range,  the 
number  of  sections,  and  the  average  volume 
of  each  volume  group  are  shown  in  table  1. 
The  sections  of  gridline  were  stratified  into 
volume  groups  in  accordance  with  the  volumes 
accumulated  in  the  sections  from  the  expanded 
total  sample. 

The  summarization  of  results,  per  volume 
group,  for  each  subsample  consisted  of  de- 
termining the  differences  in  volumes  accu- 
mulated per  section  from  the  original  sample 
and  the  subsample,  squaring  the  differences 
and  accumulating  the  results  of  the  squaring. 
The  resulting  summation  was  then  divided  by 
the  number  of  sections  in  the  volume  group 
and  the  square  root  of  the  quotient  taken. 
The  result  of  this  procedure  is  the  root-mean- 
square  error  (rms  error)  of  the  subsample  as 
compared  with  the  total  sample.  The  equa- 
tion for  determining  this  error  is: 


rms  error 


Where 

1\.,  -- volume     accumulated     in     section     i 

from  subsample. 
V.,  =  volume    accumulated    in    section     i 
from  total  sample. 
n  =  number  of  sections  in  volume  group. 

The  RMS  error  is  comparable,  statistically, 
in  the  standard  deviation  of  a  group  of  values 
around  their  mean.  For  example,  if  the  rms 
error  for  a  one-third  subsample  volume  com- 
pared with  the  original  sample  volume  is 
50  person-trips,  one  would  make  little  error 
by  assuming  that  two-thirds  of  the  expanded 
volumes  obtained  from  the  subsample  would 
lie  within  50  person-trips  of  the  total  sample 
volume. 

rms  errors  were  developed  for  each  sub- 
»sample.  That  is,  a  rms  error  was  developed 
for  each  of  the  one-half  subsamples,  for  each 
of  the  one-third  subsamples,  and  for  each  of 
the  one-tenth  subsamples.  However,  since 
little  could  be  gained  by  reporting  and  analyz- 
ing each  subsample  rms  error,  a  mean  error 
was  determined  from  the  '■>  one-third  sub- 
samples,  from  the  2  one-half  subsamples,  and 
from  the   10  one-tenth  subsamples. 

A  rms  error  was  computed  for  each  volume 
class,  and  the  percent  root-mean-square  error 
was  determined  by  dividing  the  numerical 
error  by  the  average  volume  of  the  volume 
class  being  considered.  The  results  of  the 
one-third  subsample  comparison  are  presented 
in  table  2. 

Results  of  the  Study 

The  results  of  the  trip-tracing  program  and 
the  statistical  procedure  used  are  the  percent 
root-mean-square  Ipercenl  rms)  errors  for 
the  one-half,  the  one-third,  and  the  one-tenth 
subsamples,   each    measured   against  the   tola] 
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Phoenix- Maricopa  County  sample.  These 
results  are  shown  in  table  3  for  each  volume 
group. 

As  was  to  be  expected,  the  percent  rms 
error  for  any  particular  volume  group  is 
invariably  greatest  for  the  smallest  subsample 
rate,  and  vice  versa.  For  example,  for  an 
average  volume  of  1,763  trips,  volume  group 
No.  7,  the  percent  rms  error  for  the  one-half 
subsample  was  15.3:  for  the  one-third  sub- 
sample,  23.5;  and  for  one-tenth  subsample, 
49.4.  In  addition,  the  percent  rms  error,  for 
each  subsample,  decreased  as  the  volume 
increased. 


It  should  be  understood  that  the  one-half 
subsample  errors  are  in  reality  the  percent 
rms  errors  between  a  l-in-30  and  a  l-in-15 
dwelling-unit  sample.  Likewise,  the  one- 
third  subsample  rate  is  actually  a  l-in-45 
dwelling-unit  sample  and  the  one-tenth  sub- 
sample  is  a  l-in-150  dwelling-unit  sample, 
the  error  in  each  case  being  measured  against 
the  l-in-15  sample. 

The  values  tabulated  in  table  3  can  be  used 
in  the  following  manner.  If  it  is  desired  to 
estimate  trips  from  a  home-interview  survey 
at  the  4,000  average  daily  person-trip  level, 
volume  group  No.  10,  for  some  specific  design 


Se-t  svltch 

A  =  non-zero 

Consider  (East-West 

gridlines   In 

place  of 

(Horth-South) 

gridlines 


Figure  2. — Generalized  electronic  computer  flow  chart  for  tracing  trips  across  a  grit!  system 
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Table  2. — Results  of  one-third  subsample  comparison  with  total  sample 


M 

ean  volume  ' 

Mean  erroi 

a 

rms  ei  roi 

Percent  rms  error  « 

Average  rms  error  of  three  samples 

Volume 

Mean 
volume 

group 

of  group 

(1st) 

(2d) 

(3d) 

(1st) 

(2d) 

(3d) 

(2,1) 

(3d) 

(1st) 

(2d) 

(3d) 

Percent  error: 

No. 

(total 

One- 

One- 

One- 

One- 

One- 

One- 

One 

One- 

One- 

One- 

One- 

One- 

rms  error 

(lst)+(2d)  +  (3d) 

Absolute  error 

sample) 

third  sub- 
sample 

Ihli'l  -ill. 

sample 

third  sub- 
sample 

third 
sub- 

third 
sub- 

third 

sub- 

third 
sub- 

third 
sub- 

third 

sub- 

third 
sub- 

third 
sub- 

third 
sub- 

Original  Sample 
Volume 

sample 

sample 

sample 

sample 

sample 

sample 

sample 

sample 

sample 

3 

1 

91.1 

83.2 

90  6 

99.4 

-7.9 

-o  l 

+8.3 

77.  5 

75.  1 

78.9 

85  ii: 

82  11 

86  01 

77 .2 

84.  74 

2 

283.2 

231    2 

309.5 

308.9 

-52.  0 

+26.  3 

+25.  7 

100.  5 

1 

168.3 

56.  07 

54   20 

59.  43 

160  s 

56.  78 

3 

486.7 

.;■»_•  'i 

545  0 

522.  2 

-93.8 

+58.  :i 

+35.5 

205  o 

237.  4 

225  7 

42.24 

48.  7S 

10  37 

222.  9 

45.  so 

4 

682.0 

623.  2 

710.9 

711.9 

-58.8 

+28.  9 

+29.9 

305  8 

253  6 

295.  r, 

45.  13 

37   is 

43.34 

285.  7 

11.89 

5 

S93  .'. 

749.9 

077.  1 

952.  7 

-143.3 

+83.8 

+  59.5 

300.  5 

306.  4 

207.  X 

33.  64 

34.  30 

29  98 

291.0 

32.  04 

6 

1,244.5 

1,  153.8 

1,  325.  3 

1,254.2 

-90.  6 

+80.9 

+9.7 

308.9 

335.  2 

349.7 

24.82 

26.  03 

28.  10 

331.3 

20.  62 

1,  763.  4 

1 .  772  :. 

l .  883  2 

1,634.  t 

+  9.1 

+  119.8 

-128.9 

390  8 

427  0 

424  0 

22.  10 

24  _'l 

24.  ni 

111  2 

23.  49 

8 

2,  257.  4 

2.  123.  7 

2,631.0 

2,  287.  5 

-133.7 

+373.  0 

+30.1 

470.  li 

537  o 

391.4 

20.85 

23  s:t 

17.  34 

400.  6 

20.  07 

9 

2,  998.  6 

2,  886.  6 

3,  118.3 

2,  990.  9 

-112.0 

+  119  7 

—  i.i 

513  6 

578.4 

503.  6 

17.  13 

19  29 

10.79 

531.9 

17.74 

10 

4.  001.  4 

3.  938.  8 

3,  995.  6 

1,069  8 

-02.0 

-5.8 

+68.4 

666  i 

654.  7 

044.  7 

10.05 

10.30 

10  H 

055.  2 

10.  37 

11 

5,  020.  9 

4,903.9 

5,  136.  4 

5.  022.  5 

-117.0 

+  115.5 

+1.6 

727.0 

007.  7 

729.5 

11    is 

13.30 

14.53 

70S.  1 

14.  10 

12 

6.  759.  3 

6,  490.  2 

6,  628.  3 

7,  159.4 

-269.  1 

-131.0 

+  100.  1 

774.  5 

751 .  7 

922.  5 

11.40 

11.  12 

13.65 

816.2 

12  OS 

13 

8,961.8 

8,  896.  1 

8,  923.  1 

9,001',.  4 

-65.7 

-38.8 

+  104.5 

878  ."> 

780  1 

910.  2 

9.80 

S  71 

10.  10 

856   1 

9   ;,0 

14 

12.  101.3 

12,285  2 

12,  161    1 

12,  457.  2 

-110.  1 

+60.1 

+55.9 

909.  7 

91. '17 

1,156.3 

7.34 

7.37 

9.  32 

903.  2 

S  1)1 

15 

21,  689.  9 

21,555.2 

22,  C46.  2 

21,  468.  2 

-134.7 

+356. 3 

-221.7 

1.741.0 

1,  808.  9 

1,  655.  6 

8.C3 

8.34 

7.63 

1,735.2 

8.00 

1  Mean  volume  = 


^i /Segment  volumes  "\ 
•"Viii 


«  Percent  rms  error  = 


volume  group  ) 
Number  of  sections 
rms  error 


•  Mean  error  = 


■>[" /Subsample  \  _  /Original  sample\"| 

Jl\    volume    )     \       volume        )\ 

Number  of  sections 


V 


vf  I  Subsample  N  _  /Original  sample  \  12 

— <\.\     volume     )      \         volume  )\ 

Xumber  of  sections 


Mean  volume 


purpose,  the  use  of  a  l-in-30  dwelling-unil  sam- 
ple would  produce  a  volume  that  is  within  11.7 
percent  of  the  value  that  would  have  been 
obtained  with  a  l-in-15  sample  two-thirds  of 
the  time.  Likewise,  the  use  of  a  l-in-45  dwell- 
ing-unit sample  would  result  in  a  volume  thai 
is  within  16.4  percent  of  the  value  obtained 
by  a  l-in-15  sample  two-thirds  of  the  time. 
If  the  probability  of  being  within  the  l-in-15 
sampling  rate  volume  95  percent  of  the  time 
is  desired,  2  times  the  percent  rms  error 
would  be  used.  An  expectancy  of  99  percent 
would  require  3  times  the  percent  rms  error. 

By  using  the  values  tabulated  in  table  3, 
the  expected  results  of  a  l-in-30,  a  l-in-45, 
and  a  l-in-150  dwelling-unit  sample  can  be 
compared  with  that  of  a  l-in-15  sample. 
However,  the  primary  purpose  of  this  study 
was  to  determine  the  error  between  the  volume 
determined  from  any  dwelling-unit  sample 
and  the  actual  volume;  the  actual  volume 
being  the  average  daily  person-trips  measured 
over  the  study  period.  It  is  evident  that  only 
through  an  overwhelming  expenditure  of  time 
and  money  could  every  person  in  a  city  be  in- 
terviewed every  day  during  the  study  period. 
However,  through  statistical  procedures,  using 
the  comparisons  of  the  l-in-30,  the  l-in-45, 
and  the  l-in-150  dwelling-unit  sampling  rate 
with  the  l-in-15  sample,  an  estimate  of  the 
error  between  any  size  sample  and  the  total 
population  could  be  determined. 
Source  of  error 

The  error  between  a  volume  determined 
from  any  of  the  subsamples  and  the  true  vol- 
ume consists  of  two  parts:  First,  the  error  be- 
tween the  subsample  volume  and  the  total 
Phoenix- Maricopa  County  sample  volume; 
and  second,  the  error  between  the  total  sam- 
ple volume  and  the  true  volume.  In  statisti- 
cal computations,  for  the  analysis  of  variance, 
the  total  variance  of  a  group  of  samples  is 
equal  to  the  "between  sample"  variance  plus 
the  "within  sample"  variance: 


where:  <x2  =  variance. 
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The  percent  rms  errors  computed  for  this 
study,  as  mentioned  previously,  are  statisti- 
cally comparable  to  the  standard  deviation  of 
a  group  of  values  about  their  mean.  There- 
fore, an  equation  for  relating  percent  rms 
errors,  comparable  to  equation   (1)   above  is: 


El,,=  El,  +  Eic 


■(2) 


Where : 


-- percent  rms  error  of  subsample 
volume  measured  against  true 
volume. 

Ess.s  =  percent  rms  error  of  subsample 
volume  measured  against  total 
sample  volume. 

Es.0=  percent  rms  error  of  total  sam- 
ple volume  measured  against  true 
volume. 

An  equation  for  estimating  the  error  for  a 
sample  from  the  error  found  for  another 
independently  selected  sample  is: 


p    -p    IEL.-     --(3 


Where: 


Ar,=  number     of     interviews     taken     in 

original  survey. 
Nss  =  number    of   interviews   represented 

in  subsample. 

Assuming  that  equation  (3)  is  an  acceptable 
approximation  to  the  situation  being  con- 
sidered, and  by  combining  equations  (2)  and 
(3)  the  following  equation  results: 


X  ££„= £?...  + #?-. 


EU= 


El., 


therefore: 


Ea.0= 


Ns-Naa 
Nsa 

hi  S8-S 


IEZZ 


-(4) 


Considering  equation  (4)  for  determining 
the  percent  rms  error  between  the  total 
sample  volume  and  the  actual  volume,  from 
the  error  determined  from  the  one-tenth  sub- 
sample,  equation  (4)  then  becomes: 


Es.0= 


V! 


■Ei/io-s  Ej/io- 

Vio-i 


/102V, 


1 


E..0-- 


Eu 


-(5) 


Likewise,  the  equations  for  determining  the 
error  of  the  total  sample  from  the  one-half  and 
one-third  subsample  errors  are: 


_g);;-,_p 

Vi 


£.-.=- 


■(6) 


.(7) 


Stability  of  error  computation 

Equations  (5),  (6),  and  (7)  were  used  to 
determine  independent  estimates  of  the  per- 
cent rms  errors  in  the  total  sample  volumes, 

Table  3. — Percent  root-mean-square  error  of 
subsample  volume  as  measured  against 
total  sample  volume,  by  different  sample 
sizes 


Volume  group 
Xo. 

Percent  rms  error  of  subsample 
volume  measured  against  total 
sample  mean  volume  of  group 

One-half 
original 
sample 

One-third 
original 
sample 

One-tenth 
original 
sample 

1       

67.5 
41.4 
28.4 
27.6 
23.1 

18.0 

15.3 
13.4 
14.2 
11.7 

10.2 
9.3 
0.7 
5.4 
3.8 

84.7 
56.8 
45.8 
41.9 
32.6 

26.6 
23.5 
20.7 
17.7 
16.4 

14.1 
12.1 
9.6 
8.0 
8.0 

193.0 
120.7 
88.2 
80.2 

67.7 

55.  7 
49.4 
45.0 
36.  6 
33.8 

29.0 
26. 4 
21.4 
18.5 
16.0 

2 

3       

4 

5       

6 

7       

8      -  --- 

9       

10     ..   

11      

12 

13     

15 
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Tabic  4. — Estimated  percent  root-mean- 
square  error  of  original  sample  volume  as 
measured  against  population  volume 


Volume 

group  No. 

Estimated  percent  rms  error  from— 

One-half 

original 
sample 

One-third 
original 

.sample 

One-tenth 

original 

ample 

Mean 

i 

67.  5 
41.  1 
28   1 
27  6 
23.  1 

18.0 
15.3 
13.  1 
14.2 

11.7 

10.  2 
9.  3 
6.  7 
5.4 
3.8 

.9  9 
47.  3 
32.  1 
29.  7 
23.1 

is.  s 
15.  9 
14.7 
12.6 
11.6 

10.0 
8.6 
6  8 

5.7 
5.7 

64.3 
40. 2 
29.  4 
26.  7 
22,  6 

18.6 
10.5 
15. 0 
12.2 
11.3 

9.  7 
8.8 

7.1 
li.  2 
5.4 

63.9 
43.  (1 
30.  1 
28.0 
22.9 

18.5 
15.9 
14.4 
13.0 

11   5 

10.0 
8.9 
6.9 

5  8 

5.0 

2.. 

3  . 

I 

5 

6      - 

8 

9 

10  

11... 

12 

13.     . 
14 

15        ...   -. 

measured  from  the  actual  volume,  from  the 
one-tenth,  one-half,  and  one-third  subsample 
errors,  respectively.  If  each  of  these  inde- 
pendent calculations  produced  consistent  esti- 
mates of  the  rms  error  for  the  l-in-15  sample, 
it.  appears  reasonable  to  assume  thai  other 
sampling  rates  would  be  equally  consistent. 
These  independent  estimates  of  the  error  in 
the  total  sample  are  shown  in  table  4. 

A  comparison  of  the  estimated  percent  rms 
errors  of  the  l-in-15  dwelling-unit  sample,  for 
each  volume  group,  shows  little  variation. 
The  mean  of  the  three  estimates  was,  there- 
fore, determined  and  plotted  on  logarithmic 
paper  (fig.  3).  A  least-squares  tit  determined 
from  the  points  is  also  shown  in  figure  3. 
The  equation  of  the  developed  line  is: 

Percent  rms  error  of  l-in-15  629.0 


dwelling-unit  sample  volume  AHHi 


(8) 


The  coefficient  of  correlation  developed  is 
approximately  1,  indicating  an  almost  perfect 
functional  relationship  between  the  two  vari- 
ables considered.  In  other  words,  the  varia- 
tion in  percent  rms  error  is  explained  almost 
entirely  by  the  variation  in  volume.  Since 
this  is  a.  logarithmic  relationship  the  standard 
error  of  estimate  for  the  line  is  a,  constant 
percent  of  the  estimated  value  rather  than  a 
constant  percent  error.  The  error,  which  is 
5.65  percent  of  the  estimated  values,  means 
that  at  a  volume  of  1,000  trips,  the  standard 
error  is  about  1.2  percent  (5.65  percent  X  21 
percent )  and  at  10,000  trips  the  standard  error 
is  about  0.4  percent  (5.65  percent  X  6.8 
percent ). 

Equation  (3)  can  be  used,  in  the  following 
form,  for  determining  the  relationship  between 
percent  rms  error  and  volume  for  any  sample 
rate: 


E, 


/'.',  is-„XViv"i (9) 


Where: 

S,.0=error  of  any  sample  /'. 

E\/u  o=error  of  l-in-15  dwelling-unit 
sample. 

N{=  number  of  times  the  sampling  rate  of 
survey  i  is  less  than  l-in-15.  For 
example,  if  a  l-in-60  rate  is  used,  JVj 
would  be  4.  If  the  rate  was  l-in-5, 
Ar,  would  be  1/3. 
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If  a  1  -in- 1  sample  were  taken,  that  is,  every 
person  in  the  city  interviewed  once,  the 
equation  for  determining  percent  rms  error 
would  be: 


a  =expected  deviation 

V= Volume 

<S  =  percent  sample 


Percent  RMS  error= 

where:  A<i=l/15 

i  herefore: 

percent  RMS  error  for  1 -in- 
dwelling-unit sample 


629.0  \N, 
volume   4"' 


162.4 


"V"(™)0-™) 

Since  the  probable  volume  (TO  is  equal  t 
the  volume  obtained  from  the  survey  times  th] 
sample  rate: 


volume  4SM 


v-\v(m)( 


nit)  i 


(10) 


100 


It  should  be  noted  that  the  error  for  a 
1  -in- 1  dwelling-unit  sample  is  not  zero,  since 
a  1-in-l  sampling  rate  is  not  a  100-percent 
sample  for  determining  average  daily  traffic 
during  the  survey  period.  Every  person  in  a 
city  would  have  to  be  interviewed  aboul  his 
travel  for  every  day  during  the  survey  in  order 
to  obtain  the  universe  of  travel  for  that  period. 

Ecpiation  (10)  can  be  used  for  determining 
the  equation  for  percent  rms  error  at  any 
sample  rate.  Simply  multiply  equation  (10) 
by  the  square  root  of  the  denominator  of  the 
sample  rate  ratio  used  for  example,  if  a 
l-in-30  home-interview  sample  rate  is  used, 
multiply  equation  (10)  by  the  square  root  of 
30.  Figure  4  presents  predictive  lines  for 
estimating  percent  rms  errors  for  volumes 
between  100  and  100,000  person-trips  per  day 
for  various  sampling  rates. 

Comparison  of  Results 

A  theoretical  approach  to  the  problem  of 
estimating  the  accuracy  of  various  sample  size:-, 
relies  on  the  estimation  of  the  standard 
deviation  in  volumes  determined  from  the 
samples  The  theory  states  that  the  expected 
deviation  is  expressed  as  follows: 


percent  <j=  100 


/100- 


A  comparison  of  the  errors  predicted  by  th 
above  theory  with  the  relationship  develope 
in  this  article  is  shown  in  table  5  for  variou 
volumes  and  sample  sizes.  It  can  be  see 
that  the  observed  root-mean-square  errors  ai 
from  1.7  to  1.9  times  as  great  as  the  err< 
predicted  by  theory.  This  difference  may  b 
due  to  nonsampling  errors  such  as  response  an 
coding  errors.  For  example,  a  study  made  i 
Cincinnati,  Ohio,  showed  that  those  inte: 
viewed  reported  too  few  trips  in  some  case 
and  too  many  trips  in  other  cases. 

In  table  5  it  is  found  that  the  observed  errc 
is  almost  two  times  as  great  as  the  theoretic; 
error.  This  means  that  in  order  to  maintain 
desired  degree  of  accuracy,  it  is  necessary  t 
increase  the  sampling  rate  to  almost  four  time 
the  rate  indicated  by  the  theoretical  standar 
deviation  computation. 

Use  of  Results 

The  curves  plotted  in  figure  4  have  been  d( 
veloped  for  total  person-trips  and  can  be  ut 
lized  to  determine  the  sample  rate  to  be  usi 
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Figure  4. — Relation  of  percent  root-mean-square  error  anil  volume  for  various  dwelling- 
unit  sample  rales. 


when  desiring  an  estimate  of  volume  with  a  de- 
sired degree  of  accuracy.  For  example,  if  it  is 
desired  to  estimate  an  average  daily  volume  at 
the  10,000  person-trip  level,  and  be  within  8 
percent  of  the  true  value  95  percent  of  the 
time,  from  figure  4  at  volume  equal  to  10,000 
and  percent  ems  error  equal  to  4  percent  (8 
percent-n2  for  95  percent  confidence),  it  is 
found  that  a  20-percent  sample  should  be 
taken.  Similarly,  the  curves  can  be  used  to 
estimate  the  error  in  accumulated  volumes 
after  the  results  of  an  origin-destination  survey 
are  obtained.  For  rates  not  plotted,  equation 
(10)  would  be  used  in  the  following  form: 


Dwelling-unit 
sample  rate  in  percent 

1,624 


-[ 


(Percent  ems  error)  (volume  -4884) . 


(11) 


For  the  problem  explained,  a  dwelling-unit 
sample  rate  of  20.4  percent  would  result  from 
the  use  of  equation  (11),  indicating  that  one 
out  of  every  five  dwelling  units  should  be 
interviewed. 

More  often  than  not,  the  highway  engineer 
is  interested  in  the  number  of  vehicle-trips 
rather  than  the  number  of  person-trips — vehi- 


\ 


Table  5. — Comparison  of  observed  errors 
and  theoretical  sampling  errors 


Observer] 

Theoret- 

error-r- 

Sample  rate 

\  olume 

( ibserved 

ical  sam- 

theoreti- 

(percent) 

error  ' 

pling 
error  2 

cal  sam- 
pling 

error 

Percent 

Percent 

(        kid 

171   31 

99.  50 

1.7 

! 

J     1,000 

55.  04 

31.46 

1    v 

1  lO.ono 

18,  07 

9.95 

1.8 

hoo.  ooii 

5.87 

3.15 

1.9 

f       100 

98.91 

56.  87 

1.  7 

3 

1     1,000 

32.  21 

17.  98 

18 

1    10,001) 

10.  43 

5.69 

1.8 

1 10(1,  000 

3.  39 

1.80 

1.9 

(        100 

85.  65 

48,  99 

1.7 

4_    _ 

1      1,000 

27.  82 

15.  49 

1.8 

1    10,0011 

9.04 

4.90 

1.8 

1 100,  000 

2.94 

1.  55 

1.9 

f        100 

70.  60 

43.60 

1.8 

5 

1     1,000 

24.  90 

13.80 

1.8 

1    10,000 

8.  1(1 

4.36 

1.8 

hoo.  ooii 

2.62 

1.38 

1.9 

[          101) 

51.50 

30.  00 

1.7 

10        

1    1,000 

16.  70 

9  50 

1.8 

10,001) 

5.  43 

3.  00 

1.8 

1 100, 000 

1.76 

.95 

1.9 

1  This  is  the  percent  bus  error  as  developed  in  this  article. 

2  This  is  the  theoretical  percent  standard  deviation  error. 

cle-trips  being  the  figure  used  for  highway  de- 
sign purposes.  Therefore,  the  question  arises: 
can  the  curves  developed  for  person-trips  be 
used  as  an  indicator  of  error  for  vehicle-trips? 
The  volume  of  automobile  vehicle-trips 
throughout  a  city  is  less  than  the  volume  of 
person-trips,  but  is  similarly  distributed.  The 
errors,  if  developed  between  the  subsamples 
and  total  sample  for  automobile  vehicle-trips, 
should  not,  therefore,  be  any  different  from  the 
errors  determined  for  all  person-trips.  That  is, 
a  percent  ems  error  for  10,000  automobile 
vehicle-trips  should  be  no  different  from  the 
error  determined  for  10,000  person-trips.  The 
curves  presented  in  figure  4  and  the  equations 
developed  can  therefore  be  used  for  total  per- 
son-trips, automobile  vehicle-trips,  bus-pas- 
senger trips,  truck-  and  taxi-passenger  trips, 
and  automobile  passenger-trips.  The  results 
of  this  study  can  also  be  applied  to  any  home- 
interview  type  of  origin  and  destination  survey 
since  accumulation  of  trips  and  not  individual 
zone-to-zone  movements  are  being  compared. 
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A  Traffic  Analyzer: 

Its  Development  and  Application 


BY  THE  DIVISION  OF  TRAFFIC  OPERATIONS 
BUREAU  OF  PUBLIC  ROADS 


From  the  early  graphic  recording  equip- 
ment to  the  modern  electronic  digital  re- 
corders, the  Bureau  of  Public  Roads  has 
continuously  been  seeking  faster  and  more 
reliable  means  for  recording  and  analyzing 
traffic  data.  This  article  presents  the  de- 
velopment of  the  Bureau's  digital  speed- 
placement  equipment — the  traffic  analyzer. 

IN  THE  PAST  20  YEARS  significant  ad- 
vances in  the  development  of  improved 
standards  for  geometric  highway  design  have 
stemmed  primarily  from  the  increasing  knowl- 
edge of  traffic  performance,  driver  behavior, 
and  highway  capacity.  A  better  understand- 
ing of  the  many  problems  has  been  made 
possible  by  the  detailed  study  of  the  speed 
and  placement  of  each  vehicle  in  the  traffic 
stream  and  its  relation  to  the  speeds,  the 
lateral  placements,  and  the  longitudinal  posi- 
tions of  vehicles  ahead,  behind,  and  adjacent. 

Development  of  Equipment 

In  the  early  stages  of  research,  traffic  data 
were  recorded  by  observers  using  stopwatches 
and  pavement  markings.  The  necessity  for 
more  complete  knowledge  of  the  factors  de- 
termining highway  capacity  became  increas- 
ingly evident.  Improvement  and  refinement 
in  the  field  technique  was  imperative  because 
more  data  were  needed,  with  greater  pre- 
cision, as  added  features  of  design  had  to  be 
evaluated,  and  (he  results  had  to  be  analyzed 
more  quickly. 

Increasing  use  was  made  of  automatic 
graphic  recording  equipment  as  reliable  and 
sophisticated  instruments  became  available 
for  field  use.  By  the  late  1930's,  the  Bureau 
of  Public  Roads  had  developed  a  reliable 
speedmeter  and  placement  detector  with 
digital  outputs  to  the  time  bases  available  in 
graphic  records.2  The  accuracy  and  depend- 
ability of  this  equipment  was  proven  in  its 
continuous  field  use.  However,  the  data  had 
to  be  scaled  from  the  long  rolls  of  pen-line 
graphs  produced  by  the  equipment  before 
they  could  be  put  on  punch  cards;  and  the 
considerable  amount  of  manpower  and  time 
required   for  this   greatly   delayed   the   avail- 

>  This  article  was  presented  at  the  30th  Annual  Meeting 
of  the  Institute  of  Traffic  Engineers,  Chicago,  111.,  Septem- 
ber 1960. 

2  New  techniques  in  traffic  behavior  studies,  by  E.  II.  Ilolmas 
and  S.  E.  Reymer,  Public  Roads,  vol.  21,  No.  2,  April  1940, 
pp.  29-45. 
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ability  of  the  data  for  use  and  limited  the 
volume  of  data  that  could  be  handled  It 
was  only  natural,  therefore,  that  means  of 
actual  digital  recording  would  be  sought,  from 
which  machine  tabulating  cards  could  be  pre- 
pared easily,  accurately,  and  quickly,  and  in 
large  volume. 

This  thinking  became  a  reality  in  1946  when 
automatic  digital  recording  of  data  for  two 
lanes  of  traffic  was  made  available  by  means 
of  mounting  hand-wound  solenoids  over  the 
keys  of  a  standard  adding  machine  and  de- 
vising a  digital  clock  to  indicate  the  time  of 
each  recording.  This  assembled  equipment 
proved  so  successful  that  a  year  later  it  was 
permanently  mounted  in  a  panel  truck,  and 
studies  were  conducted  with  the  equipment 
in  many  States  throughout  the  country. 
With  minor  improvements  in  components, 
but  no  changes  in  the  basic  design,  this  2-lane 
digital  speed-placement  equipment  served 
well  the  Bureau  of  Public  Roads,  the  cooper- 
ating State  highway  departments,  and  other 
agencies  for  10  years. 
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In  1956  the  recording  capabilities  of  the 
digital  speed-placement  equipment  wrere  in- 
creased to  cover  four  lanes  of  traffic.  The 
time  was  then  opportune  to  improve  some 
points  of  basic  design  which  the  availability 
of  recently  developed  electronic  components 
made  feasible.  The  traffic  analyzer  was  de- 
veloped by  Bureau  engineers,  modernizing 
and  redesigning  the  older  speed-placement 
recording  equipment. 

The  problems  of  transportability  and  the 
shortcomings  of  the  standard  panel  truck 
were  solved  by  installing  the  equipment  in 
a  custom  body  on  a  commercial  delivery- 
truck  chassis.  This  provided  a  short  wheel- 
base  for  maneuvering  in  close  quarters  at 
traffic  study  sites  and  allowed  a  maximum  of 
usable  interior  space  for  equipment  placement 
and  operator  comfort.  (A  typical  position 
for  the  operation  of  the  traffic  analyzer  vehicle 
is  shown  on  the  magazine  cover.) 

Figure  1  shows  in  block  diagram  the  instru 
ment  design  of  the  traffic  analyzer.  Special  ve- 
hicle detectors  may  be  placed  at  any  or  all  of 
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Figure  1. — A  block  diagram,  of  the  traffic  analyzer  instrument  system. 
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four  different  positions  where  vehicular  traffic 
data  are  desired.  The  usual  detectors  consist 
of  either  two  pneumatic  tubes  or  two  positive 
contact  strips  to  detect  speeds  and  a  seg- 
mented detector  designed  and  built  by  the 
Bureau  to  detect  vehicle  placement. 

Figure  2  shows  a  typical  field  setup  of  the 
detectors  on  one  roadway  of  a  4-lane  divided 
highway.  The  speed  detectors  are  spaced 
from  12  to  36  feet  apart,  depending  on  the 
average  speed  of  traffic,  to  provide  a  known 
distance  for  speed  liming.  A  5-foot  dead 
space  is  left  between  the  active  sections  of  the 
detectors  in  adjacent  lanes  to  prevent  lane- 
straddling  vehicles  from  being  recorded  in 
more  than  one  lane. 

The  segmented  lateral  placement  detector 
is  used  in  lengths  of  12,  24,  36,  or  48  feet,  de- 
pending on  the  roadway  width  being  studied. 
The  detector  is  segmented  into  1-foot  units, 
each  segment  having  an  active  contact  of  7}-2 
inches  and  a  dead  space  of  41-  inches.  The 
4^-inch  spacing  between  the  active  contacts 
permits  a  precise  determination  of  vehicle 
placements. 

The  speed  and  placement  detectors  are  con- 
nected by  extension  cables  to  placement  relays 
and  to  several  control  relays  for  each  lane  of 
data  recording. 

Figure  3  shows  the  interior  of  the  traffic 
analyzer  vehicle.  Along  the  left  side,  under 
the  windows,  a  built-in  desk  provides  four 
operating  positions.  At  each  operating  posi- 
tion is  a  solenoid-operated  adding  machine. 
The  recording  units  are  commercially  avail- 
able 14-bank  adding  machines  containing 
"read-out"  units  which  transmit  the  data  to 
the  5-channel  paper  tape  punches  mounted  on 
the  shelf  above  the  recorders.  Specially 
designed  115-volt  a.c.  solenoids  are  mounted 
over  the  keys  of  the  adding  machines.  These 
solenoids  receive  electrical  impulses  and  the 
data  are  automatically  printed  on  adding 
machine  tape  and  also  punched  in  the  5- 
channel  paper  tape.  Two  banks  of  keys  con- 
nected to  push-button  extensions  are  available 
on  each  adding  machine  so  that  manually 
coded  information  can  be  entered  as  desired 
separately  for  each  lane  of  traffic. 


Figure  3. — An  interior  view  of  the  mobile  traffic  analyzer  vehicle. 


Immediately  behind  the  cab  of  the  vehicle, 
the  electronic  data,  collecting  and  system- 
control  equipment  is  mounted  in  a  double 
relay  rack  cabinet.  A  specially  fabricated 
cable  connects  the  equipment  in  this  cabinet 
with  the  four  adding  machines.  An  air  con- 
ditioner, mounted  above  and  to  the  right  of 
the  equipment  cabinet,  is  necessary  to  dissi- 
pate the  heat  generated  in  the  electronic 
circuitry  and  to  cool  the  truck  interior. 

The  data  which  arc  automatically  recorded 
for  each  vehicle  are  speed,  lateral  placement 
referenced  to  a  designated  traffic  lane,  and 
precise  time  of  day  each  vehicle  passes  the 
point,  of  observation.  Vehicle  speed  is  re- 
corded as  travel  time  in  hundredths  of  a 
second  over  the  known  distance  between  the 
speed  detectors;  lateral  placement  is  recorded 
as  a  direct  measurement  of  both  the  right  and 
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Figure  2. — A  typical  layout  of  speed  and  placement    detectors   on 
two  lanes  of  a  four-lane  divided  highway. 
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I'll  wheel  positions  with  respect  to  the  right 
edge  of  the  traffic  lane,  by  the  segmented 
detector;  and  time  of  day  is  continuously 
measured  in  intervals  of  one  ten-thousandth 
of  an  hour.  All  of  the  data  are  recorded  the 
instant  that  the  front  axle  of  each  vehicle 
pass  a  over  the  second  speed  detector. 

These  recorded  data  are  subsequently  taken 
into  the  office  and  interpreted  through  the  use 
of  an  electronic  digital  computer.  Vehicle 
-peed  is  calculated  from  the  travel  time  and  t  he 
distance  between  detector  tubes;  the  position 
of  the  center  of  the  vehicle  is  computed  from 
the  wheel  placements;  and  time  spacings  be- 
tween  vehicles  are  determined  and  reduced  to 
headway  distances  measured  in  feet.  The 
high  speed  computer  also  is  used  to  determine 
the  speed  and  the  lateral  and  longitudinal 
positions  of  each  vehicle  relative  to  all  other 
vehicles  which  are  ahead,  behind,  or  adjacent, 
to  it. 

Electronic  Design 

The  time  base  for  the  vehicle  speed  meas- 
urements, shown  in  figure  4,  is  a  100-cycles- 
per-second  tuning  fork.  The  fork  and  its  as- 
sociated amplifier  and  wave-shaping  circuits 
is  shown  on  the  left.  The  tuning  fork  is  elec- 
trically driven,  self-starting,  and  is  calibrated 
to  t  he  exact  frequency  of  100  cycles  per  second. 
A  shutter  attached  to  the  tines  of  the  fork, 
a  light  source  above  the  shutter,  and  a  photo- 
cell beneath  it  provide  for  an  electronic  signal 
output  from  the  fork  without  affecting  its 
natural  frequency.  The  output  of  the  time- 
base  unit  is  a  100-cycle-per-second  square 
wave  of  20  volts  amplitude  to  actuate  the 
"one-shot"  drivers  of  the  decade  scalers  in  the 
speed-timing  unit.  Four  relay  gates,  one  for 
each  lane  of  traffic,  are  mounted  under  the 
time-base  chassis,  as  shown  on  the  right  in 
figure  4.  As  they  are  actuated  by  the  control 
relays  for  each  lane,  the  gales,  in  turn,  control 
I  he  speed  time  pulses  to  be  counted. 
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The  4-lane  electronic  speedmeter,  shown  in 
figure  5,  consists  of  four  pairs  of  electronic 
decade  scalers  (on  the  left),  each  pair  being 
capable  of  counting  to  99.  The  pulse  input 
connectors  are  located  below  each  pair  of 
scalers.  As  the  speed-timing  pulses  (l/100tli 
of  a  second)  are  received  by  any  pair  of  these 
scalers,  they  are  accumu  ated  and  the  total 
held  for  recording.  The  circuitry  of  the  speed- 
meter  is  shown  on  the  right.  The  rectangular 
boxes  in  t  he  middle  of  the  chassis  are  t  he  pulse- 
shaping  one-shot  multivibrator  drivers  to  the 
decade  scalers.  Below  these  boxes  are  the 
vacuum-tube  amplifiers  necessary  to  actuate 
the  relays  in  the  binary  to  digital  converter. 
Figure  (>  is  a  rear  view  of  the  speedmeter, 
which  contains  the  52  vacuum  tubes  necessary 
lo  perform  the  proper  functions. 

The  output  of  the  decade  scalers  is  a  binary 
coded  decimal.  To  record  this  on  a  digital 
printer  a  decoding  relay  matrix  is  actuated  by 
the  scaler  output  to  provide  the  proper  decimal 
number  for  recording.  This  unit  is  enclosed 
in  the  small  panel  seen  immediately  below  the 


Figure  4. — Time  base  chassis  (top  view,  left;  bottom  view,  right) 

vehic 


speedmeter  in  the  interior  view  of  the 
shown  in  figure  ;5. 

Figure  7  shows  a  view  of  the  chassis  con- 
taining the  placement  and  control  relays  for  1 
lane  of  traffic.  The  12  placement  relays, 
which  are  actuated  by  the  12  contacts  on  the 
segmented  placement  detector,  are  shown  in  a 
row  at  the  top  of  the  figure.  One  power 
supply  is  needed  to  operate  two  of  these  relays, 
and  the  six  power  supplies  needed  are  shown 
in  the  lower  part  of  the  figure.  Each  place- 
ment, contact  actuates  the  appropriate  place- 
ment relay  which,  in  turn,  operates  the  proper 
solenoid  on  the  adding  machine.  The  two 
shift  relays,  shown  just  below  the  placement 
relays,  permit  automatic  pickup  of  3  feet  of 
placements  of  the  adjacent  lanes  to  the  right 
or  left,  a  normal  occurrence  when  vehicles 
straddle  two  traffic  lanes  The  three  control 
relays,  which  are  mounted  on  the  panel,  control 
the  sequence  of  operation  for  the  detection 
and  recording  of  the  data  for  the  specific  lane. 

The  time  of  day,  accumulated  in  ten- 
thousandths   of   an    hour,    is    provided    by   a 


decimal  timer  consisting  of  an  1,800-r.p.m. 
synchronous  motor,  a  gear-reduction  unit, 
and  a  breaker-point  assembly  shown  to  the 
left  in  figure  8.  A  4-pointed  cam  closes  arJ 
electrical  contact  each  ten-thousandths  of  an 
hour  to  pulse  the  timing  switches  from  the 
12-volt  d.C.  power  supply  included  on  the 
chassis.  These  ten-thousandth-of-an-hour 
time  units  are  accumulated  in  four  6-bank, 
10-point  spring-driven  stepping  switches.  A 
count  of  10  in  one  switch  is  carried  over  as  a 
count  of  1  in  the  next  switch  so  that  the  deci- 
mal timer  makes  one  complete  timing  cycle! 
per  hour.  Four  banks  of  each  stepping 
switch  provide  the  time  information  which  is 
recorded  in  each  of  the  four  lanes.  One  bank 
controls  the  illuminated  digital  read-out  on 
the  timer  panel,  shown  in  figure  8  on  the 
right,  and  one  bank  supplies  the  digit  carry 
over  information  to  the  next  switch.  Four 
push  buttons  on  the  front  panel  allow  the 
timer  to  be  preset  for  the  start  of  a  study. 

The  sequence  of  operation  for  a  traffic  lane 
being  studied  is  initiated  by  a  vehicle  passing 
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Figure  5. — Four-lane  electronic  spredmeter  (front  view,  I  ft:  bottom  view,  right). 
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Figure  6. — Four-lane  electronic  speed  meter  (rear  view). 


Figure  7. — Placement  and  control  relay  chassis  (top  view). 


over  the  first  speed  detector.  This  electrical 
contact  actuates  a  control  relay  which,  in 
turn,  opens  the  relay  gate  to  the  speedmeter 
and  turns  on  the  power  to  the  placement 
detector  for  that  lane.  As  the  front  wheels  of 
the  vehicle  pass  over  the  placement  detector, 
the  appropriate  solenoids  are  actuated  through 
the  placement  relays  and  the  information  is 
immediately  entered  in  the  adding  machine 
recorder.  When  the  front  wheels  of  the 
vehicle  pass  over  the  second  speed  detector, 
the  speedmeter  gate  is  closed,  the  speed  tim- 
ing (in  one-hundredths-of-a-second  units)  is 
entered  on  the  recorder,  the  decimal  timer 
reading  (time  of  day  in  ten-thousandths  of  an 
hour)  is  transferred  to  the  recorder,  and  a 
control  signal  causes  the  adding  machine  to 
cycle  and  print  these  data.  During  the  print- 
ing cycle,  the  decade  scalers  in  the  speedmeter 
are  reset  to  zero.  The  vehicle  classification 
and  any  other  desired  information  is  usually 
set  up  by  the  observer  in  the  two  manually 
controlled  columns  in  the  recorder  before  the 
front  axle  of  the  vehicle  closes  the  first  positive 
contact  detector;  but  it  may  be  entered  at  any 
time  before  the  printing  cycle  starts.  Figure 
9  shows  a  sample  of  the  data  recorded. 
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The  built-in  read-out  to  the  5-ehannel 
paper  tape  punch  retains  the  necessary  data 
after  the  printing  cycle  until  the  sequential 
operation  of  the  punch  is  complete.  Mean- 
while, the  keyboard  of  the  adding  machine 
will  accept  new  data  for  the  next  recording. 

Uses  and  Applications 

The  first  extensive  use  of  the  original  2-lane 
digital  recording  equipment  took  place  in  1947 
on  the  San  Francisco-Oakland  Bay  Bridge  in 
California.  Information  was  urgently  needed 
to  evaluate  the  driver  behavior  characteristics 
and  the  capacity  of  the  bridge.  Data  for 
over  50,000  vehicles  were  recorded  during 
one  month  at  11  locations.  Because  the  field 
data  were  automatically  printed  on  the  adding 
machine  tapes,  it  was  possible  to  start  punch- 
ing machine  tabulating  cards  after  the  first 
day  of  field  observations.  Summary  tabula- 
tions showing  averages  and  distributions  of 
speeds,  placements,  and  headways  for  all 
study  locations  were  available  within  2  weeks 
after  field  studies  were  completed.  These 
results  were  very  effectively  used  to  justify 
specific  recommendation  for  the  improvement 


of  traffic  operations.  A  detailed  analysis  of 
these  data  also  yielded  invaluable  criteria  for 
lane  capacity  determinations  discussed  in  the 
Highway  Capacity  Manual.3 

For  a  42-day  period  in  1948  a  series  of  driver- 
behavior  studies  were  conducted  in  conjunc- 
tion with  a  study  of  time  and  gasoline  con- 
sumption in  motor  truck  operation.4  For 
this  purpose  the  equipment  was  used  to  record 
speeds,  placements,  and  traffic  volumes  on 
level  tangent  sections,  on  grades,  on  curves, 
and  in  tunnels.  The  results  of  this  study 
have  been  applied  to  the  determination  of 
speeds  and  travel  time  in  conjunction  with 
cost  analysis  of  traffic  operation  on  highways 
having  varying  horizontal  and  vertical  aline- 
ment  and  in  tunnels. 

Since  1948,  the  traffic  analyzer  has  been 
employed  in  a  large  number  of  studies  in 
cooperation  with  at  least  24  State  highway 
departments,  city  and  county  traffic  author- 


3  Highway  Capacity  Manual,  practical  applications  of 
research,  Bureau  of  Public  Roads,  1950. 

4  Time  and  gasoline  consumption  in  motor  truck  operation,  as 
affected  by  the  weight  and  power  in  vehicles  aud  the  rise  and 
fall  in  highways,  by  C.  C.  Saal,  Highway  Research  Board, 
Research  Report  No   9-A,  1950. 
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Figure  8.— Decimal  timer  chassis  (top  view,  left;  front  view,  right). 
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A  Symposium  on  Water-Reducing  Retarders  for  Concrete 


Within  the  />«.sf  several  years,  admixtures 
to  reduce  ivater  content  and  to  retard  set 
in  porlland  cement  concrete  have  come  into 
prominent  use  in  construction.  It  itli  the 
recognition  of  benefits  derived  from  and  the 
increase  in  availability  of  commercial  con- 
crete retarders.  the  need  for  a  specification 
for  the  acceptance  and  performance  of  all 
types  of  retarders  has  become  great.  Prob- 
lems of  acceptance  and  performance,  how- 
ever, confront  the  engineer,  who  is 
responsible  for  the  selection  anil  use  of  a 
satisfactory  retarder.  because  of  a  lack  of 
standard  methods  of  testing  retarders. 
It  was  believed  that  these  problems  would  be 
greatly  reduced  by  procedures  for  testing 
which  icon  Id  allow  the  engineer  to  make 
tests  of  the  retarder  to  determine  if  it  is 
acceptable  and  is  uniform  from  batch- 
to-batch. 

In  an  attempt  to  standardize  testing 
methods  for  retarding  admixtures,  the 
Bureau  of  Public  Roads  in  1957  undertook  an 
extensive  investigation  of  the  effects  of 
commercial  retarders  on  certain  properties 
of  portland  cement  concrete.  A  question- 
naire was  sent  to  all  marketers  of  retarders 
known  to  the  Bureau  of  Public  Roads 
with  a  retpiest  for  samples  and  informa- 
tion. Of  the  samples  received,  25  sam- 
ples from  11  companies  icere  chosen  for 
testing.  The  other  samples  were  considered 
not  to  meet  the  Bureau's  conditions  for  in- 
clusion in  the  testing  program  because  they 
were  either  not  essentially  retarders  or  were 
not  available  commercially  at  the  time  of 
receipt. 

The  study  of  commercial  retarders  was 
conducted  in  two  phases.  First,  chemical, 
ultraviolet,  and  infrared  spectral  analyses 
ivere  made  to  determine  the  composition 
of  each  retarder.  Second,  a  study  was  made 
of  the  performance  of  the  ret<irders  when 
used  in  concrete.  The  results  of  the  two 
phases  of  investigation  are  included  in  this 
issue.  Also  included  is  a  recommended 
specification  for  water-reducing  retarders. 

All  materials  were  analyzed  for  specific 
physical  properties  and  chemical  composi- 
tion. One  objective  of  the  chemical  and 
other  analyses  teas  to  develop  procedures 
by  which  such  materials  could  be  identified 
quickly  to  provide  a  basis  for  obtaining  the 
necessary  assurance  that  the  composition 
of  a  product  is  uniform  from  batch-to- 
batch.  Another  objective  of  the  analyses 
teas  to  establish  the  chemical  composition 
of  typical  commercial  products  to  show 
possible  relationships  between  chemical 
composition  and  the  performance  of  con- 
crete prepared  with  the  retarders. 

The  term  "retarder''  is  used  for  brevity  in 
this  issue  to  mean  a  water-reducing  re- 
tarding admixture.  The  retarders  studied 
were  classified,  according  to  their  chemical 
constituents,  into  three  general  chemical 
types.     For  the  purposes  of  discussion  they 


are  referred  to  as  lignosulfonates  (salts  of 
lignosulfonic  acid),  organic  adds  (organic 
acids  of  the  hydroxylaled  carboxylic  type 
or  their  salts),  and  carbohy<lrales  {reducing 
and  nonreducing  sugars  and  starches). 

Water- Reducing  Retarders  for  Concrete — 
Chemical  and  Spectral  Analyses  (p.  126) 
deals  with  the  results  obtained  by  the  vari- 
ous analyses  of  the  retarders  and  the  relative 
merits  of  each  method  in  characterizing  the 
composition  of  the  admixtures.  Specific 
conclusions  based  on  the  data  are: 

1.  Infrared  spectral  analysis  offers  the 
most  promising  means  available  for  rapid 
iden  t  ifica  I  ion  and  classifica  t  ion  of  retarders. 
This  technique  can  be  used  to  identify  a 
material  by  obtaining  a  recorded  spectral 
curve  for  each  retarder.  Less  than  30 
minutes  is  required  for  the  analysis  whereas 
a  week  is  required  by  conventional  tnethods 
of  chemical  analysis. 

2.  For  specific  construction,  projects, 
infrared  analysis  can  be  used  to  assure  the 
jturchaser  of  the  uniformity  of  the 
admixture. 

3.  All  three  types  of  retarders  could  be 
distinguished  from  each  other  on  the  basis 
of  infrared  spectra.  Although  the  ligno- 
sulfonale  retarders  had  the  same  general 
infrared  spectrum  regardless  of  the  type  of 
salt  present  or  the  source  of  supply,  in  many 
instances,  specific  commercial  lignosul- 
fonates could  be  identified  or  differentiated 

by  spectral  <lifferences  caused  by  the  manu- 
facturing process  or  the  presence  of  other 
ingre<lients.  As  to  organic  acids  and  carbo- 
hydrates, specific  trade  protlucts  could  be 
distinguished  from  each  other. 

4.  Ultraviolet  spectra  can  also  be  used 
to  identify  lignosulfonate  retarders  and  to 
obtain  quantitative  information  as  to  their 
concentration.  However,  the  spectra  ob- 
tained are  not  as  specific  as  are  the  infrared 
spectra. 

5.  Although  useful  in  identifying  retarder 
materials,  conventional  chemical  analyses 
are  time  consuming  and  tedious  and  in 
many  cases  yield  doubtful  results.  This 
tvas  found  to  be  especially  true  for  the 
lignosulfonate  and  organic  acid  retarders. 

Water-Reducing  Retarders  for  Concrete — 
Physical  Tests  (p.  136)  reports  the  data  of 
the  effects  of  commercial  retarders  on 
certain  properties  of  portland  cement 
concrete.  The  tests  reported  therein  cover 
time  of  retardation,  reduction  of  water, 
durability,  and  compressive  and  flexural 
strengths  at  various  ages.  The  conclusions 
given  below  apply  to  concrete  prepared  with 
the  cement  and  aggregates  in  the  stated 
proportions  and  conditions  of  mixing,  mold- 
ing, curing,  and  testing  used  in  this  inves- 
tigation. 

1.  To  retard  the  setting  time  of  concrete 
21l2  to  3  hours,  more  retarder  was  required 
in  some  cases  than   that  recommended  by 


the  manufacturer.  This  may  have  been 
diii>  to  the  cement  used  in  these  tests,  and 
indicates  that  acceptance  tests  of  retarders 
should  be  made  with  the  cement  to  be  used 
in  the  proposed  construction. 

2.  All  retarders  permitted  some  reduction 
in  the  amount  of  water  required  to  prepare 
concrete  with  a  specific  consistency.  This 
reduction  was  over  5  percent  for  23  of  the  25 
ret<ir<h>rs  tested. 

3.  The  use  of  retarders  improved  the  com  - 
pressive  strength  of  concrete  when  the  air 
content  was  less  than  8  percent.  This 
applied  to  concrete  having  either  the  same 
cement  content  or  the  same  water  content 
as  was  used  in  concrete  prepared  without  a 
retar<ler. 

4.  The  flexural  strength  of  concrete  in 
general  was  not  reduced  by  the  use  of 
retarders  if  the  air  content  was  less  than  8 
percent.  When  the  cement  content  of  the 
concrete  containing  the  retarder  was  the. 
same  as  that  for  concrete  without  a  retarder, 
use  of  the  retarder  generally  furnished 
higher  flexural  strength  at  both  7  and  28 
days.  \\  hen  the  two  concretes  had  the 
same  water  content,  those  containing  the 
retarder  generally  had  higher  flexural 
strength  at  7  days  and  about  the  same 
strength  at  28  days. 

5.  As  determined  by  freezing  and  thawing 
tests  in,  the  laboratory,  the  durability  of 
concrete  containing  the  retar<ler  was  in 
most  cases  less  than  that  for  concrete  pre- 
pared without  the  retarder.  However,  the 
decrease  in  relative  durability  was  signifi- 
cant in  the  case  of  only  one  retarder. 

6.  The  contraction  of  concrete  during 
continuous  storage  in  laboratory  air  or  the 
expansion  during  continuous  moist  storage 
was  about  the  same  for  concrete  prepared 
with  or  without  a  retarder. 

7.  An  overdose  of  four  times  the  normal 
amount  of  retarder  generally  caused  a  long 
delay  in  the  hardening  of  the  concrete. 
However,  if  the  air  content  of  this  concrete 
was  not  over  8  percent,  the  compressive 
strength  at  an  age  of  28  days  was  usually 
greater  than  that  of  the  concrete  prepared 
without  a  retarder. 

8.  More  retarder  was  usually  required  to 
retard  the  setting  of  concrete  at  a  tempera- 
ture of  90°  F.  than  at  73°  F.  With  few 
exceptions,  the  compressive  strength  of 
concrete  prepared  with  a  retarder  at  90°  F. 
was  greater  than  that  prepared  at  the  same 
temperature  without  a  retarder. 

The  data  obtained  from  the  study  of  the 
effects  of  retarders  on  concrete  were  used 
to  prepare  a  specification  for  the  acceptance 
anil  use  of  these  retarders.  The  recom- 
mended specification  is  given  on  page  153. 
It  is  of  interest  to  note  that  of  the  25 
retarders  used  in  the  test.  16  retarders  met 
all  of  the  re<iuirements  of  the  proposal 
specifica  tions. 
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Water-Reducing  Retarders  for  Concrete 
Chemical  and  Spectral  Analyses 


BY  THE  DIJ  ISION  OF  PHYSICAL  RESEARCH 
BUREAU  OF  PUBLIC  ROADS 


IN  THE  PAST  SEVERAL  YEARS,  ad- 
mixtures to  reduce  water  content  and 
retard  set  in  portland  cement  concrete  have 
come  into  prominent  use  in  construction. 
These  materials  arc  usually  complex  organic 
products  which  are  sold  under  various  trade 
names.  As  yet  there  are  no  standard  specifi- 
cations or  methods  for  testing  retarders,  but 
the  American  Society  for  Testing  Materials 
(ASTM)  is  now  considering  these  specifica- 
tions and  methods  for  testing  such  admixtures. 
These  include  among  other  items,  requirement  s 
for  the  effects  of  water-reducing  retarders  on 
the  compressive  strength  of  the  concrete, 
resistance  to  freezing  and  thawing,  and  change 
in  volume.  These  tests  may  require  a  period 
of  one  year  or  more  for  completion  and  conse- 
quently are  intended  for  the  primary  evalu- 
ation of  such  admixtures. 

After  an  admixture  has  been  found  accept- 
able under  these  specifications,  subsequent 
purchases  of  the  same  material  for  use  on 
specific  projects  may  not  be  subjected  to  ex- 
tensive testing  because  of  the  time  and  cost 
involved.  Consequently,  the  presently  pro- 
posed specifications  for  retarding  and  water- 
reducing  admixtures  suggest  that  the  pur- 
chaser obtain  assurance  that  the  admixture 
supplied  for  use  on  each  field  job  or  project  be 
equivalent  in  composition  to  the  original  or 
reference  admixture  subjected  to  the  ex- 
haustive tests  required  by  the  specifications. 
To  explore  the  best  means  of  doing  this, 
chemical  analyses,  as  well  as  ultraviolet  and 
infrared  spectral  analyses,  were  made  on  2.5 
commercial  or  trade-name  retarders.  All 
materials  were  analyzed  for  specific  properties 
and  chemical  composition. 

Types  of  Retarders  Studied 

The  retarders  investigated  were  found  to  be 
of  three  general  chemical  types:  lignosulfo- 
nates;  salts  of  organic  hydroxy-carboxylic 
acids;  and  carbohydrates.  A  general  discus- 
sion of  the  origin  and  characteristics  of  these 
major  t  ypes  of  ret  aiders  studied  is  given  below. 

Lignosu  Ifona  t  es 

With  one  exception,  the  lignosulfonate  ma- 
terials studied  were  derived  from  spent  sulfite 
liquor  obtained  in  the  acid  process  of  wood 
pulping.  The  single  exception  was  derived 
from  the  Kraft  (alkaline)  process.     Materials 
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were  supplied  as  the  calcium,  sodium,  or  am- 
monium salts,  and  either  as  a  powder  or  in  a 
water  solution. 

Lignosulfonates  are  considered  to  be  poly- 
mers of  high  molecular  weight.  A  single 
sample  may  contain  molecules  ranging  in 
molecular  weight  from  several  hundred  to 
100,000  with  an  average  molecular  weight  of 
approximately  10,000  (1,  2)?  Structurally, 
these  materials  are  polymers  of  a  substituted 
phenyl  propane  grouping.  The  repeating 
monomer  unit  has  been  represented  as  shown 
in  figure  1,  diagram  A  (2).  The  functional 
units  of  interest  are  hydroxyl  (OH),  methoxyl 
(OCH3),  phenyl  ring,  and  the  sulfonic  group 
(SO3H).  In  the  lignosulfonate  salts,  a  metal 
or  ammonium  cation  replaces  the  hydrogen  in 
the  sulfonic  grouping. 

Many  commercial  lignosulfonates  also  con- 
tain varying  amounts  of  reducing  sugars.  A 
typical  analysis  showed  the  following  percent- 
ages of  wood  sugars  based  on  total  sugar 
content  {3):  mannose — 48  percent;  glucose — ■ 
15  percent;  xylose — 15  percent;  galactose — 10 
percent;  arabinose — 6  percent;  fructose — 
under  2  percent;  and  sugars  unaccounted 
for — t  percent.  Much  of  these  sugars  can  be 
removed  by  suitable  processing  techniques. 

Organic  hydroxy-carboxylic  acids 

Salts  and  complexes  of  organic  hydroxy- 
carboxylic  acids,  sometimes  referred  to  as 
sugar  acids,  are  derived  from  the  fermentation 
or  oxidation  of  carbohydrates,  such  as  dextrose, 
glucose,  or  starch.  They  are  characterized  by 
several  hydroxyl  groups  and  either  one  or  two 
terminal  carboxylic  acid  (COOH)  groups 
attached  to  a  relatively  short  .carbon  chain 
as  illustrated  in  diagram  B  of  figure  1.  As 
retarders,  they  are  generally  supplied  as  metal 
salts  in  which  the  hydrogen  in  the  carboxylic 
acid  group  is  replaced  1>\  sodium,  potassium, 
etc. 

Carbohyd rates 

Carbohydrates,  such  as  reducing  sugars 
(e.g.,  glucose),  have  been  used  as  retarders 
(4-).     However,   non-reducing  sugars,   sucrose 

1  Presented  at  the  10th  Annual  Meeting  of  the  Highway 
Research  Board,  Washington,  D.C.,  January  1961. 

2  Acknowledgment  is  made  to  Raymond  Chorwinski  and 
L.  B.  Hayes.  Analytical  Chemists,  for  their  assistance  in 
carrying  out  the  chemical  and  ultraviolet  analyses. 

3  Italic  numbers  in  parentheses  refer  to  a  list  of  references  on 
page  135. 


Reported  >  by  WOODROW  J.  HALSTEAD 
Supervisory  Chemist,  and 
BERNARD  CHAIKEN,  Chemist 

or  cane  sugar,  are  more  illustrative  of  the  type 
of  carbohydrate  evaluated  in  this  study 
The  structure  of  sucrose  is  shown  in  diagram 
C  of  figure  1.  Here  again,  hydroxyl  groups 
are  characteristic  of  the  material. 

Physical  Properties 

The  physical  properties  of  each  retarder 
evaluated  in  this  study  are  shown  in  table  1 
Most  of  the  materials  were  powders,  the  rest 
were  aqueous  solutions.  The  color  code  was 
obtained  by  a  visual  comparison  with  the 
closest  color  standard  available  in  Federal 
Standard  No.  595.  Although  this  Federal 
Standard  is  intended  primarily  for  paints,  it  is 
useful  for  describing  colors  of  other  materials 
by  standardized  code  number. 

The  specific  gravities  of  the  liquid  samples 
were  determined  with  a  hydrometer.  Values 
for  pH  were  obtained  electrometrically  or 
liquid  samples  as  received,  and  on  aqueous 
solutions  containing  one  percent  of  the  solid 
materials.  Rather  low  pH  values,  indicating 
significant  acidity,  were  obtained  on  a  com- 
plexed  hydroxy-carboxylic  acid  retarder  (No 
6)  and  all  the  ammonium  lignosulfonates 
(Nos.     7,      10,     and     17).     Several     calciun 
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retarders  studied . 
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Table  1. — Physical  properties  of  retarders 

Retarder 
No. 

Form 

Color 

Odor 

Specific 
gravity, 
77°  F.I 
77°  F.2 

pH' 

Solubility  in 

—i 

Foaming  properties,  milliliters  of  foam 
after — s 

Unusual  character- 
istics of  1-percent 
aqueous  solution 

Observed 

Codei 

Water 

Alcohol 

benzene 

chloroform 

Di- 
methyl 
sulfoxide 

1 

minute 

2 
minutes 

5 
minutes 

15 

minutes 

1 

Liquid 

Solid 
...do 

Liquid 

—do 

-..do 

Solid 

...do 

Liquid 

Solid 

...do - 

—do -. 

_..do 

...do 

...do 

__.do 

—do 

...do 

...do 

Liquid 

...do 

Solid 
...do 

None 

37778 

30118 

a  23655 

20109 

33538 
10091 
30313 
10032 
10091 

20400 
30266 
30117 
31643 
30009 

31643 
20400 
31643 
20400 
10032 

10032 
30045 
10091 
31643 
31643 

Phenolic 

Woody 

...do 

Rancid 

Pungent.  _ 

None.  __  _ 

Woody 

None _ 

Rancid 

Woody 

...do 

...do 

...do 

—do 

...do 

...do -. 

...do _. 

...do 

...do 

...do .- 

—  do 

...do 

...do 

...do -_ 

.-.do 

1.143 

~Tl82~ 
1.148 

1.178 
1.196 

1.155 
1.147 

7.4 
7.8 
7.2 
6.8 
7.1 

2.8 
3.3 
7.6 
8.2 
3.2 

6.8 
6.7 
9.4 
4.6 
7.4 

7.3 
3.8 
7.4 
6.6 
4.8 

4.7 
8.8 
9.5 
7.8 
4.6 

.— 

S 

p"s" 
I 

"s" 

s 

S 
PS 

s 
s 

PS 

s 
s 
s 

"s" 

s 

PS 
PS 

I 
I 

I 
I 

I 

I 
I 
I 
I 
I 

I 
I 

I 
I 

I 
I 
I 
I 

I 

I 

I 
I 

I 

I 

PS 
I 
I 
I 

PS 

s 
I 
I 

I 

I 
I 
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U.  V.  fluorescence. 

Mold  growth. 

Mold  growth. 
Do. 

Mold  growth. 

2 

White 

3 

4 

Olive     

Amber  6__ 

5 

6 

7 

Wine 

Amber 

Brown 

8 

9      

Pink 

Dark  brown 
Medium  brown . 

Light  brown 

Mustard 

Medium  brown. 
Tan 

10 — 

11 

12 

13 

14 

15 

16 

17 

18— 

19 

20 

21 

22 

23      

Olive       

Tan 

Light  brown 

Tan 

Light  brown 

Dark  brown 

do 

Dark  brown 
Medium  brown. 
Tan 

24 

25 

_..do 

...do -. 

do — 

i  Federal  Standard  No.  595  (by  visual  matching). 

2  Hydrometer  method  on  liquid  samples  as  received. 

3  Electrometric  method  on  liquid  samples  as  received,  and  on  solid  samples  in  1-percent 
water  solution. 

*  At  room  temperature:  I=insoluble  (less  than  0.01  g.  in  10  ml.);  PS=partially  soluble 
(between  0.01  and  1  g.  in  10  ml.);  S=soluble  (more  than  1  g.  in  10  ml.). 


5  20  ml.  of  1-percent  aqueous  solution  in  50  ml.  stoppered  graduate.  Inverted  30  times. 
Readings  then  noted  at  indicated  time  intervals.  (Modified  from  McCutcheon,  J.  W., 
Synthetic  Detergents,  1950,  p.  79.) 

6  By  transmitted  light.  Bv  reflected  light,  color  had  a  greenish  fluorescence  (equivalent 
to  Code  14187). 


Iignosulfonates  (Nos.  14,  20,  21,  and  25)  had 
moderately  low  pH  values,  possibly  as  a  result 
of  incomplete  neutralization  of  the  sulfonic 
acid   groups  during  processing. 

The  apparent  insolubility  of  samples  Nos.  2 
and  8  in  water  was  caused  by  the  large  amount 
of  inert  filler  in  each  material.  Ultraviolet 
fluorescence    was    observed    on    a    1-percent 


aqueous  solution  of  sample  No.  4,  most  likely 
because  of  a  fluorescent  dye  used  by  the  pro- 
ducer to  characterize  his  product.  As  noted 
in  table  1,  a  mold  growth  developed  in  several 
of  the  1-percent  aqueous  solutions  after  stand- 
ing for  about  one  week.  Only  retarder  No.  25 
produced  a  lasting  foam  in  the  foaming  test. 
This  was  apparently  a  result  of  some  synthetic 


detergent  which  has  been  incorporated  into 
the  admixture. 

Qualitative  Chemical  Test  Results 

Table  2  shows  the  results  of  qualitative  chem- 
ical tests  used  to  identify  and  classify  each  ma- 
terial for  further  evaluation.  References  to  the 
methods  used  are  given  in  the  footnotes  to  the 


Table  2.— 

■Quali 

tative 

tests  on  retarders  ' 

Retarder 
No. 

(1) 

Sulfonated   organics    (Basic 
fuchsin  test) 2 

Ligno- 
sulfonate 
(Proctor- 
Hirst 
test)  3 

(5) 

Chloride 

(AgN03 

test) 

(6) 

Sulfate 
(BaCl2 
test) 

(7) 

Carbon- 
ate 
(acid 
effer- 
vescence) 

(8) 

Cal- 
cium 
(oxalate 

test) 

(9) 

Sodium 
(flame 
phot.) 

(10) 

Potas- 
sium 
(flame 
phot.) 

(11) 

Nitrogen 

Hydroxy  acids  (di- 
naphthol  test) 5 

(14) 

Complexing  agents 
(CuS04+Na01I 

test )  « 

(15) 

Melting  point  of 
phenylhydrazine 

derivative,  °C.« 

(16) 

Original 
material 

(2) 

Alcohol- 
insoluble 
fraction 

(3) 

Alcohol- 
soluble 
fraction 

(4) 

Ammo- 
niacal < 

(12) 

Albu- 
minoid'1 

(13) 
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N 

P 
P 

P 

N 
N 
N 
N 
N 

N 
P 

N 
N 

N 

N 
N 
P 
P 

N 

P  (light  blue) 

No  derivative. 

188  to  189. 

189  to  191. 

No  derivative. 

No  derivative. 
180  to  182. 

No  derivative. 

P  (light  blue) 

P  (medium  blue)— 

P  (light  blue) 

P  (blue-green) 

P  (light  green) 

P  (light  blue) 

P  (blue-green) 

P  (light  green) 

N 

N 

i  Code;  P=positive  indication;  N=negative  indication;  T  =  trace  indicated;  ©^question- 
able indication. 

»  Modified  from  Wallin,  Anal.  Chem.,  vol.  22,  1950,  pp.  616-7. 

3  Jour.  ALCA,  vol.  51,  No.  7,  1956,  pp.  353-76. 

*  Public  Roads,  vol.  27,  No.  12,  1954,  p.  268. 

s  F.  Feigl,  Qualitative  Analysis  by  Spot  Tests,  3d  ed.,  1946. 

6  Test  procedure  given  in  text. 

'A  positive  indication  of  phenols  was  obtained  by  the  Millon  test  (Feigl,  Qualitative 
Analysis  by  Spot  Tests,  3d  ed.,  1946,  p.  330). 


*  A  positive  indication  of  sucrose  was  obtained  by  the  alpha-naphthol  test  (Griffin,  R.  C, 
Technical  Methods  of  Analysis,  2d  ed.,  1927,  p.  567). 

9  A  positive  indication  of  triethanolamine  was  obtained  by  the  Kraut  test  (Official  Methods 
of  Analysis,  A.O.A.C..  7th  ed.  1950,  p.  609). 

'<•  Positive  indications  of  zinc  (sulfide  test),  and  boron  (flame  and  turmeric  tests)  were  ob- 
tained. 

n  A  negative  test  for  triethanolamine  was  obtained  by  means  oi  the  Kraut  test  (see  [ 

9). 
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table.  Positive  test  results  are  shown  by  "P", 
Ltive  results  by  "N",  tract'  quantities  by 
"'!'",  and  questionable  results  by  "Q". 

Sulfonated  organic  material  was  identified 
with  basic  fuchsin.  This  reagent  reacts  with 
sulfonates  in  acid  solution  to  form  a  magenta- 
colored  complex  which  can  be  extracted  with 
chloroform.  The  results  are  given  in  column  2. 
The  method  has  been  described  as  a  quantita- 
tive spectrophotometry  determination  of  sul- 
fonated and  sulfated  organic  materials  (.->). 
When  a  positive  result  was  obtained  on  the 
original  material,  additional  tests  were  made 
on  the  alcohol-insoluble  and  alcohol-soluble 
fractious  of  the  retarder.  A  positive  result  on 
the  alcohol-insoluble  fraction  suggests  the 
presence  of  lignosulfonates,  since  lignosul- 
fonates  are  insoluble  in  alcohol.  A  positive 
test  result  on  the  alcohol-soluble  fraction,  as 
for  retarder  No.  25,  suggests  the  presence  of  a 
sulfonated  or  sulfated  synthetic  detergent. 
Consequently,  the  result  on  sample  No.  25 
reinforces  the  findings  of  the  foaming  test, 
that  this  material  contained  a  synthetic 
detergent. 

A  more  specific  indication  of  lignosulfonate 
is  given  by  the  Proctor-Hirst  test.  In  this 
test,  an  acidified  clear  extract  is  treated  with 
aniline.  A  resultant  cloudiness  is  indicative 
of  lignosulfonate.  The  test  is  considered  to 
be  quite  reliable  (6).  In  every  case,  these 
results  are  in  agreement  with  the  findings  from 
the  basic  fuchsin  test . 

Columns  6  through  1 1  in  table  2  show  the 
the  results  of  tests  for  chloride,  sulfate,  car- 
bonate, calcium,  sodium,  and  potassium  using 
standard  procedures.  Positive  test  results  for 
chloride  and  sulfate  are  not  entirely  reliable 

in  the  presence  of  son rganics,  such  as  were 

found  in  some  retarders,  because  of  the  pos- 
sible precipitation  of  organic  salts  in  t  he- 
presence  of  silver  and  barium  reagents. 

Tot  results  for  both  ammoniacal  and 
albuminoid  nitrogen  are  shown  in  columns  12 
and  13.  In  the  test  for  ammoniacal  nitrogen, 
an  alkaline  solution  of  the  sample  was  boiled 
and  the  vapor  tested  with  red  litmus  paper  for 
volatile  ammonia.  A  blue  color  indicated  the 
presence  of  an  ammonium  salt.  Following  I  he 
removal  of  volatile  ammonia,,  permanganate 
was  added  and  the  test  repeated  to  detecl 
all  uminoid  nitrogen.  Positive  results  suggest 
the  presence  of  amines  and  similar  nitrogenous 
compounds. 

Zinc  was  detected  in  sample  No.  tj  by 
precipitation  as  a  white  sulfide,  and  boron  by 
flame  tests  and  turmeric  paper.  In  sample 
Xo.  I,  a  phenolic  odor  was  detected  which  was 
attributed  to  a  phenol-type  material.  This 
phenolic  material  was  confirmed  by  the 
Millon  test.  This  material  probably  serves  as 
a  fungicide.  The  same  retarder  also  gave  a 
positive  test  result-  for  sucrose.  However, 
substances  similar  to  sucrose  may  oive  posi- 
tive results  with  alpha-naphthol  reagent,  so 
that,  these  results  were  not  conclusive. 

The  results  of  the  dinaphthol  test  which 
has  been  used  to  identify  many  hydroxy- 
carboxylic  acids  are  shown  in  column  14. 
Acids  such  as  tartaric,  malic,  tartronic,  glu- 
coronic,  and  gluconic  reportedly  give  a  green 
fluorescence  (7).      Where  a  positive  test  result, 
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was  obtained,  the  nature  of  the  color  which 
developed  is  shown  in  parentheses. 

Test  results  for  complexing  agents  are 
shown  in  column  15.  Although  not  specific, 
the  test  may  be  used  to  detect  such  com- 
plexing agents  as  triethanolamine,  sugars, 
hydroxy-carboxylic  acids,  etc.4  Where  posi- 
tive results  are  shown,  the  color  of  the  copper 
complex  formed  is  also  given. 

A  specific  check  for  triethanolamine  was 
made  by  means  of  the  Kraut  test.  Sample 
No.  5  gave  a  positive  indication  of  the 
presence  of  this  compound,  while  sample  No. 
18  gave  a  negative  test  for  triethanolamine. 

Column  16  shows  the  melting  points  of 
phenylhydrazine  derivatives  of  several  re- 
tarders. Ordinarily,  such  derivatives  are 
obtained  with  carboxylic  acids,  and  the 
melting  points  of  these  derivatives  have 
been  used  for  qualitative  analyses.5  This 
test  was  suggested  by  one  producer  of 
retarders:  however,  in  this  study  it  was 
found  that  duplicate  determinations  failed  to 
give  reasonably  reproducible  results. 

On  the  basis  of  the  above  qualitative  tests, 
the  following  summarization  was  possible. 
Retarder  No.  1  contained  a  sugar  and  a 
phenolic  additive.  Five  samples  were  found 
to  be  the  following  derivatives  of  hydroxy- 
carboxylic  acids:  Nos.  4,  8,  and  9  appeared 
to  be  metal  salts;  No.  6  a  zinc  borate  complex ; 
and  No.  5  a  triethanolamine  salt.  The  other 
materials  were  lignosulfonate  salts  of  various 
types. 

Quantitative  Chemical  Analyses 

Inorganic  constituents 

Table  3  gives  the  results  of  the  analyses  for 
inorganic  constituents  in  each  retarder  sample. 
Moisture  or  water  was  determined  by  oven 
loss  at  105°  C.  except  for  sample  No.  5. 
This  material  had  a  tendency  to  decompose 
or  volatilize  at  that  temperature,  and  there- 
fore its  moisture  content  was  determined  by 
heating  at  50°  C.  under  vacuum. 

Total  ash  content  was  determined  by  igni- 
tion at  600°  C,  and  HO  insoluble  by  treating 
the  ash  with  hydrochloric  acid  (1:5).  The 
acid-soluble  ash  constituents  were  then  deter- 
mined by  conventional  methods  of  analysis 
and  reported  as  the  oxides.  The  alkalies, 
Na20  and  K20,  were  determined  by  flame 
photometry,  and  zinc  by  ferrocyanide  titration 
with  an  external  indicator.  Carbon  dioxide 
was  determined  by  wet  evolution  with  hydro- 
chloric acid  and  chlorides  by  the*Mohr  titra- 
tion. Boron  was  analyzed  by  distillation  with 
methyl  alcohol  followed  by  titration  using  an 
ASTM  standard  procedure.     Total  sulfur  was 


4  Details  of  tin'  test  procedure  arc  as  fellows:  To  10  ml.  of 
a  1-percent  solution  of  the  admixture,  add  1  ml.  of  10-percenf 
NaOH,  mix,  and  add  1  ml.  of  3-percent  CuSOt.  Mix  and 
note  whether  a  soluble  colored  copper  complex  is  formed. 

6  Details  of  the  test  procedure  are  as  follows:  To  a  test 
tube  i35  ml.,  20  x  150  mm.l  add  1  ml.  of  a  50-percent  aqueous 
solution  of  active  ingredient,  add  4  ml.  It20,  0.7  ml.  of 
glacial  acetic  acid  and  1.0  ml.  phenyl  hydrazine.  Fit  with 
reflux  tube  approximately  8  inches  long,  heat  in  boiling 
water  and  reflux  3  hours.  Filter  while  hot,  collect  filtrate, 
cool  and  let  crystallize  from  2  hours  to  overnight.  Collect 
crystals  by  filtration,  wash  with  5  ml.  cold  water,  then  5  ml. 
alcohol.  Dry  at  room  temperature  and  determine  melting 
point. 


obtained   by  wet  oxidation  followed  by  pre- 
cipitation as  barium  sulfate. 

Summary  of  inorganic  results 

Retarders  Nos.  1,  5,  7,  10,  and  17  appeared 
to  be  composed  almost  exclusively  of  organic 
material  that  was  completely  volatilized  at 
600°  C.  Retarder  No.  2  contained  limestone 
or  dolomitic  limestone  along  with  zinc,  perhaps 
as  zinc  oxide.  Samples  Nos.  4  and  9  were 
composed  of  sodium  and  potassium  salts, 
respectively,  of  carboxylic  acids.  Sample 
No.  6  contained  zinc  and  boron,  most  likely 
in  the  oxide  form.  Retarder  No.  8  contained 
a  large  amount  of  insoluble  siliceous  material 
and  iron  oxide.  Retarders  Nos.  11  and  24 
contained  calcium  chloride  and  No.  13  con- 
tained a  substantial  amount  of  sodium  car- 
bonate. 

Organic  constituents 

The  organic  constituents  determined  in 
each  retarder  are  shown  in  table  4.  References 
to  the  methods  used  are  given  in  the  footnotes. 
The  volatile  matter  at  600°  C.  is  an  approxi- 
mate measure  of  total  organic  material  present. 
Methoxyl  was  determined  by  the  Zeisel 
method. 

Lignosulfonates  wrere  determined  by  a 
recommended  cinchonine  procedure.  It  ap- 
pears from  the  results  shown,  as  well  as  the 
results  of  duplicate  determinations,  that  the 
cinchonine  procedure  yielded  erratic  results. 
Lignin  content  was  also  calculated  from  the 
methoxyl  values  as  given  by  the  Technical 
Association  of  the  Pulp  and  Paper  Industry 
(TAPPI  method  T629,  m-53).  While  this 
procedure  was  empirical,  the  results  appeared 
to  be  more  realistic  than  those  obtained  by  the 
cinchonine  method. 

A  colorimetric  procedure  was  used  to 
determine  total  carbohydrates  by  the  anthrone 
method  (8) ,  and  reducing  sugars  were  deter-  j 
mined  by  the  Somogyi-iodometric  method,  I 
after  precipitation  of  non-carbohydrates  with 
basic  lead  acetate.  In  both  cases  the  con- 
stituent was  calculated  as  glucose. 

Sucrose  was  determined  by  the  AOAC 
(Association  of  Official  Agricultural  Chemists) 
official  chemical  procedure  by  direct  weighing 
of  cuprous  oxide.  The  anionic  sulfonated 
detergent  was  determined  colorimetrically 
with  basic  fuchsin  after  first  extracting  the 
detergent  with  alcohol.  The  method  used 
was  similar  to  that  prescribed  by  Wallin  (5) 
except  that  visual  estimation  wras  made  in 
Nessler  tubes  because  of  the  staining  effect 
by  the  reagent  on   spectrophotometric   cells. 

Phenol  was  determined  from  the  spectro- 
photometric absorption  at  270  millimicrons, 
using  a  calibration  curve  of  known  concentra- 
tions of  phenol  plotted  against  absorbance. 

Total  nitrogen  was  obtained  by  the  Kjeldahl 
distillation  procedure,  and  ammoniacal  nitro- 
gen was  determined  by  distillation  from  an 
alkaline  solution.  After  removing  ammoniacal 
nitrogen,  permanganate  was  added  andj 
albuminoid  nitrogen  obtained  by  distillation 
Fixed  nitrogen  was  calculated  by  difference. 

Classification  and  probable  composition 

Based  on  the  results  of  chemical  analysis," 
the  classification  and  probable  composition  oft  I 
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each  retarder  are  given  in  table  5.  The  ma- 
jority of  the  retarders  analyzed  were  found  to 
be  ammonium,  sodium,  or  calcium  salts  of 
lignosulfonic  acid.  The  approximate  amount 
of  lignosulfonate  salt  shown  was  obtained 
by  empirical  calculations  based  on  methoxyl 
values.  In  two  samples,  Nos.  3  and  15,  the 
empirical  calculation  gave  unreasonably  high 
results  because  of  high  methoxyl  contents. 
Consequently,  the  values  shown  for  these  sam- 
ples were  obtained  by  difference  and  therefore 
represented  the  maximum  amounts  of  ligno- 
sulfonate possible.  Carbohydrates,  both  non- 
reducing  and  reducing-sugar  types,  were  calcu- 
lated as  glucose. 


Only  one  lignosulfonate  retarder,  Xo.  25, 
was  found  to  contain  a  sulfonated  synthetic 
detergent,  which  was  possibly  a  sodium  alkyl 
aryl  sulfonate.  Two  of  the  lignosulfonates, 
Nos.  11  and  24,  contained  substantial  amounts 
of  calcium  chloride  (9.8  and  25  percent, 
respectively).  Retarder  No.  2  contained 
80-90  percent  of  dolomitic  limestone  and 
about  7  percent  zinc  oxide.  Retarder  Xo.  13 
contained  approximately  29  percent  sodium 
carbonate 

The  derivatives  of  hydroxy-carboxylic  acids 
were  found  to  be  metallic  salts — sodium, 
calcium,  and  potassium;  triethanolamine  salt; 
and   zinc   borate    complex.      These   materials 


contained  little  or  no  carbohydrates     Retarder 

Xo  8,  a  solid  material,  contained  iron  oxide 
and  siliceous  filler.  The  organic  carboxylic 
material  in  each  retarder  was  estimated 
by  difference. 

Only  one  retarder,  No.  I,  was  found  to  be 
a  carbohydrate.  This  was  essentially  a 
nonredueing  sugar  (sucrose).  It  contained 
some  phenol  to  prevent  fermentation  or 
mold  growth. 

It  is  quite  possible  thai  these  retarders  may 
contain  minor  amounts  of  other  organic 
substances  not  discussed  here,  but  no  effort 
u.-i-  uia.de  in  this  study  to  identify  all  such 
minoi   constituents. 


Table  3. — Inorganic  const 

il  nen  Is 

in  retarders,  by 

percent 

of  constituent 

Retarder  No. 

Moisture 

or  water, 

at  in.v 

O.i 

Analyses  on  dry  solids  basis2 

Total  ash 
at  600°  C. 

IIC1  (1:5) 
Insoluble 

Si02 

R203  3 

Fe203 

CaO 

MgO 

\  i  0 

K20 

■ 

ZnCM 

Co,,   wet 

evolution 

method 

Chloride 
as  CaClj 

B2O3  « 

Total 

sulfur, 
as  S03  « 

l 

66.7 
.4 

6.8- 

68.2 

'57.1 

72.5 
4.5 

66]  5 
5.1 

6.2 
4.4 

8.8 
6.5 

7.4 

5.3 
7.6 
7.2 
5.4 
69.0 

70.3 
8.5 
7.2 
4.0 
6.5 

0.2 

97.2 

17.  7 

24.  8 

.4 

32.5 

1.3 
90.0 
32.4 

28.2 
21.2 

47.0 
15.2 
23.7 

16.4 

.8 

9.4 

25.4 

22.  5 

22.3 

45.2 
34.7 
44.8 
17.2 

■  6 
.1 

Neg. 

Neg. 

.1 

>  67.  5 

NTeg. 

Neg. 

.6 
.2 
2 
~\ 
.3 

.2 

Neg. 

.1 

.  1 

Neg. 

Neg 

.3 

.2 

6 

.  1 

Neg. 

0.2 

Neg. 

Neg. 

Neg. 

2.2 

.8 

.2 

Neg. 
Neg. 

.1 
Neg. 

.2 

Neg. 

Neg 

Neg. 

.3 

.2 

.2 

Neg. 

Neg. 

.  1 

Neg. 

1).  s 

.4 

Neg 

Neg. 

14.0 

4  0 

.1 

Neg 

.2 

.6 

.1 

Neg, 

Neg. 

Neg. 
.6 
.1 

Neg. 

Neg. 
.3 

Neg. 

Neg. 

.  1 

6.7 

34  3 
3.2 

Neg. 

.3 

5.  2 
Neg. 

Neg 

11.4 
10.8 
3  1 

-1  c, 
.6 

6.  7 
Neg 

5.2 

Neg. 
9.5 

9.1 

Neg. 

6 

17.7 

6.9 

5  1 

1.0 

Neg. 

2 
2.  0 

Neg. 
Neg. 

2 

.7 

.  6 

l 

1  1 

.5 
Neg. 
Neg. 
Neg. 
Neg. 

Neg. 

Neg 
.  1 
.3 

Neg. 
12.6 

Neg. 
.4 
.9 
.5 

Neg. 

2. 1 

.2 

16.3 

.  I 

9.  2 

.7 
.  1 

Neg. 
9  6 

Neg, 

Neg. 
20.0 
12.8 
3.2 

Nee. 

II  1 

.2 

Neg. 
.2 
.1 

16.5 
Neg, 

.3 

2 
A 
.3 

1 

.4 
.3 

Neg. 
.  1 

Neg. 

Neg. 
.  l 

.3 

.4 
.  1 

"6.9 
6  3 

Neg 

Neg. 
Neg. 
Neg 
Neg 
Neg. 

6  7 

i;  ii 
in  i 

3.3 
9  II 

7  1 
.2 

3.  2 

13.6 

LO   - 

11.9 

22  _' 
III  2 
9  5 
6.7 

II  7 
15  6 

37  9 
12.6 

0.0 

9.8 
.0 

.0 
25.0 

11.9 

0.6 
9.8 

.11 
li  3 

14.0 

13.2 
11.1 
9  6 
'.1  2 
12.0 

13.  5 
13.  5 
11  8 
16.9 

13.  1 

15.6 

27.2 
7.6 
16.0 
15.6 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21... 

22 

23 

24 

25 

1  Loss  at  105°  C,  calculated  on  basis  of  material  as  received. 

>  Neg.  =  Negligible. 

3Fe203plus  AljOi. 

4  Volumetric  determination  with  ferrocyanide. 


»  Distillation  method,  modified  from  method  C  169-53,  sec.  18;  ASTM  Standards  Part.  3, 
1955.  p.  9117.  \ 

«TAPPI,  T629-m53. 
7  Loss  at  50°  C,  vacuum. 
»  Mainly  siliceous  matter. 


Table  4. — Organic  constituents,  in  percentages  by  weight  of  dry  solids 

Retarder  No. 

Volatile 

matter 

at  600°  C. 

Methoxyl ' 

Ligno- 
sulfonate 

(cineho- 

nine 
method)2 

Lignin, 
calculated 

from 
methoxyl 3 

Tol  al 

,:il  bO 

hydrates, 

as 
glucose  4 

Reducing 
sugars, 

as 
glucose  s 

Sucrose 
(AOAC 
method)8 

Anionic 
sulfonated 

synthetic 
detergent  ' 

Phenol  « 

Nitrogen 

Total 

(as  N)' 

Ammo- 

niaeal 

(as  \'ll3)> 

Albu- 
minoid 
(as  N)» 

Fixed 

(as  N;i° 

1 

99.8 

2.8 
82.3 
75.2 
99.6 

67.5 
98.7 
10.0 
67.6 
99.3 

71.8 
78.8 
53.0 
M    S 
76.3 

83.6 
99.  2 
90.6 
74.6 
77.5 

77.7 
51    s 
65.3 
55.2 
82.8 

0.2 
■   11.8 

8.2 

8.4 

6.4 
7.2 
7.1 
6.6 
11.4 

7.5 
8.2 
6.9 
7.1 

6  -' 

7.3 
5.4 
6.9 

2.8 
8.6 

1.3 

69.2 

109  6 

43.7 

100.6 
103.  8 
123.4 
110.2 
104.4 

96.9 
98. 1 
114.6 

92.8 
93.0 

117.6 
57  5 
65.5 
93.5 

103.5 

1.7 
92.2 

64.2 

65.2 

49.8 
56.2 
55.5 
51.9 
88.6 

58.8 
63.9 
53.7 

54.  7 
48.7 

56.9 
42.3 
53.  7 
21,9 
67.2 

0.7 

4.(1 

.4 

.9 

6 
5.  9 

!    II 

.1 

5.4 

5.2 

1,  7 

.8 

9.  1 

2.5 

7.  Ii 
12.2 
8.6 
8.9 
5.4 

ii  8 
6 
2.3 
1.4 
10.0 

ii  ii 
ti 
8 

2 
.5 

111 
2,  9 
05 

1 
3  5 

1.5 
2.7 

3 
5.  1 

3 

3.8 

8.  1 
3  ii 

1  8 
13 

2  4 
02 

.3 

.3 

4.7 

96.3 

0.0 
1.1 

1.4 

"~3.T" 
3.2  ' 
3.T" 

3.2 

1.8 

9 
1.0 

0.1 
2.0 
1.4 

2.7 
.0 

.0 
.2 

2.0 

.5 
.6 

3.8 
1.7 
2  2 

1.  1 

1.8 

9 

.8 

2__ 

3_._. 

4.. 

5 

6 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18... 

19 

20 

21 

22 

23 

24 

25.. 

1  Public  Roads,  vol.  27,  No.  12,  p.  268,  1954. 

2  .Tour.  ALCA,  vol.  51,  No.  7,  p.  353,  1956. 

3  TAPPI,  T629-m53;  methoxyl  divided  by  0.128. 

4  Antlirone  method;  Morris,  Science,  vol.  107,  1948,  p.  254-5. 

6  Somogyi  iodometric  volumetric  method,  Jour.  Biol.  Chem.,  vol.  160,  Xo.  1,  1945.  p.  61. 

PUBLIC  ROADS  •  Vol.  31,  No.  6 


»  AOAC  method  29.29. 

7  Colorinietric  method  (basic  fuclism),  Wallin,  Anal.  Chem.,  vol.  22,  1950,  p.  610. 

'  Bv  spectrophotometric  absorption  at  270  millimicrons. 

"AOAC  method  2.37. 

m  Calculated  from:  total  nitrogen  -  ammoniacal  nitrogen. 
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Table  5. — Classification  and  probable  composition  of  retarders,  percent  of  constituent  on  dry  solids  basis1 


Retarder  type 


Lignosulfonates: 

Ammonium  salts. 


Sodium  salts. 


C  ;i:  .11111  salts 


i  irganic  acids: 
Metal  salts: 

Sodium  (9.3  percent  Na  I 
Calcium  (3.7  percent  Ca)__ 
Potassium  (13.7  percent  K) 

Triethanolamine  salt 

Zinc  borate  complex 

( 'in  bohydrates: 
Sucrose 


Retarder 
No. 


16 
18 
20 
21 
24 


Water  2 


4  5 
5.1 

7.6 

7.4 
5.4 
8.5 
7.2 


9 

.4 

3 

fi.  8 

11 

6.2 

12 

4.4 

13 

8  s 

14 

6.5 

5.3 

7.2 

69.0 

70.3 

4.0 

6.5 


66.  5 

57.  1 
72.5 


Ligno- 
sulfonate 

salt  > 


76 
77 
76 

I  '.it 
66 
51 
64 

2 
93 

59 
67 
66 
62 

70 
64 
58 
68 
26 
80 


Carbohydrates  ( 


Non- 
reducing 
types  « 


3.0 

1.9 
4.1 

2.2 

4.1 

.6 

2.0 

.  1 
3.2 
3.7 
2.0 

.5 
4.0 

3.  X 
5.6 
4.1 
4.4 
1.  1 
5.3 


.2 
.9 
.3 

.5 
.6 

'»  96.  3 


Reduc- 
ing 

sugars  6 


2.9 

3.5 
8.1 

.3 
i.  8 
.02 
.3 

.6 
.8 
1.5 

2.7 
.3 
5.1 


3.8 
3.0 
1.3 
2.  t 
.3 
4.7 


.2 
.1 
.1 
.5 
.01 


Calcium 
chloride 


0.0 

9.8 

.0 


Zinc 

oxide 


6.7 


15.6 


15.6 


Iron 
oxide 

and 

alumina 


Organic 
car  boxy  lie 

material 7 


'.in 
10 


Miscellaneous  constituents 
(percent) 


80-90  dolomitic  limestone. 
0.0  synthetic  detergent. 

29  sodium  carbonate. 


1.1  synthetic  detergent. 


71  inert  siliceous  matter. 


42  triethanolamine.12 
11.9  boric  oxide  (B203). 


1.4  phenol. 


i  Based  on  results  shown  in  tables  1-4. 
;    Based  on  weight  of  sample  as  received. 

3  Approximate  value  obtained  by  the  following  empirical  calculations:  Methoxvl/0.128= 
li|;nin  (TAPPI,  T  629  m-53);  ligninX1.154  =  lignosulfonic  acid  (TAPPI.  T  629  m-53);  ligno- 
si  lfonic  acid+cation  equivalent  of  S03  in  lignosulfonic  aeid  =  lismosuIfonate  salt. 

(  Calculated  as  glucose. 

s  Total  carbohydrates— reducing  sugars. 

'»  May  include  such  wood  sugars  as  mannose,  glucose,  xylose,  galactose,  arabinose  and 
fructose. 


7  Estimated  by  difference. 

8  Derived  from  Kraft  process. 

9  Maximum  possible.    The  empirical  calculation  gave  unreasonably  large  values  because 
of  high  methoxyl  contents. 

i°  Established  as  sucrose  by  infrared  spectral  analysis. 

>■  Probably  alkyl  aryl  sulfonate  salt. 

>2  Calculated  from  total  nitrogen  content. 


Ultraviolet  Spectral  Analysis 

Each  material  was  analyzed  by  ultraviolet 
spectroscopy  to  determine  if  it  could  be 
identified  or  characterized  by  its  ultraviolet 
absorption  spectrum.  The  apparatus  used  for 
ultraviolet  work  included  a  double  beam 
quartz  spectrophotometer,  an  ultraviolet 
power  supply  unit,  and  a  hydrogen  discharge 
lamp  as  a  light  source.     Measurements  were 


made    in    1    cm.    matched    silica    rectangular 
cells. 

Procedure  for  lignosulfonates 

Special  buffer.— 495  ml.  of  0.2  N  KH2P04 
and  113  ml.  of  0.1  N  NaOH  were  mixed  and 
diluted  to  2  liters. 

Sample  preparation. — 0.5  g.  of  solid  sample 
or  exactly  1  ml.  of  liquid  sample  was  dissolved 
and  diluted  with  water  to  100  ml.     Insoluble 


material  was  removed  by  centrifuging.  A  10 
ml.  clear  aliquot  was  diluted  to  100  ml.,  and 
finally  a  1  ml.  aliquot  of  the  latter  was  diluted 
to  exactly  10  ml.  with  the  buffer  solution. 
Final  concentration  was  0.005  percent  by 
weight  or  0.01  percent  by  volume  in  the  case 
of  the  liquid  samples. 

Measurements. — Absorbance  for  each  mate-  i 
rial  was  measured  at  intervals  between  220  and 
350    millimicrons   in    1    cm.    cells.      Readings 


240  250 


270  280 

WAVELENGTH -MILLIMICRONS 

Figure  2. — Typical  ultraviolet 
spectra  of  lignosulfonates. 


0  8 

0N-0  005% 

IN  BUFFER 

CELL-  ICM 

1 

(No  22) 

o  i 

260  270  280 

WAVELENGTH  -  MILLIMICRONS 


Figure  3. —  Ultraviolet  spectrum  of 
lignosulfonate from  Kraft  process. 
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were  made  at  wavelength  intervals  of  5  to  10 
millimicrons,  except  where  peaks  appeared 
near  260  and  280  millimicrons.  In  these  areas, 
readings  were  obtained  at  0.5  to  1.0  milli- 
micron intervals.  The  sensitivity  of  the 
instrument  was  adjusted  so  as  to  maintain 
the  smallest  slit  openings.  The  lamp  housing 
was  cooled  with  circulating  tap  water. 

Plotting. — The  absorbance  readings  were 
plotted  against  wavelength  and  the  resultant 
spectral  curve  was  then  drawn  manually. 
Absorbance  is  defined  as  logio  I0/I,  where  I0 
equals  incident  radiant  power,  and  I  equals 
transmitted  radiant  power. 

Results  of  tests  on  lignosnlfonates 

Figure  2  shows  examples  of  typical  ultra- 
violet spectra  obtained  on  several  lignosulfo- 
nate  retarders.  The  shape  of  each  curve  was 
typical  of  all  the  other  lignosulfonate  retarders 
except  one,  retarder  No.  22,  which  had  been 
derived  from  the  Kraft  process.  The  spec- 
trum of  sample  No.  22,  shown  separately  in 
figure  3,  indicated  a  shoulder  rather  than  a 
peak  occurred  at  280  millimicrons.  It  thus 
appeared  that  lignosulfonates  as  a  class  could 
be  identified  from  their  characteristic  ultra- 
violet spectra.  In  addition,  the  height  of  the 
peak  (absorbance)  at  280  millimicrons  could 
be  utilized  for  quantitative  information. 
Figure  4  shows  that  lignosulfonate  concentra- 
tion and  absorbance  values  have  a  linear 
relationship  in  accord  with  Beer's  law.  These 
tests  confirm  previous  reports  that  lignosul- 
fonates may  be  analyzed  quantitatively  as 
well  as  qualitatively  by  ultraviolet  spectro- 
photometry (9). 

Table  6  gives  the  ultraviolet  spectral  data 
for  all  the  lignosulfonate  retarders  tested.  It 
can  be  seen  from  this  table  that  the  peaks  for 
each  material  occurred  within  a  narrow 
wavelength  range. 

Results  on  the  other  chemical  types 

None  of  the  other  types  of  retarders  studied 
had  a  significant  ultraviolet  spectrum  that 
was  characteristic  of  the  active  constituent. 
Retarder  No.  1  did  have  a  characteristic 
spectrum  which  was  produced  by  a  minor 
constituent,  phenol.  Generally,  however,  ul- 
traviolet spectral  analysis  was  not  found 
suitable  for  identifying  organic  hydroxy- 
carboxylic  acids  or  carbohydrates. 

Investigation    of   f'isible   Spectra 

The  double  beam  quartz  spectrophotometer 
with  a  tungsten  lamp  as  a  light  source  was 
used  to  investigate  the  visible  spectra  of  the 
materials  other  than  lignosulfonates.  The 
spectral  patterns  obtained  are  shown  in  figure 
5.  Each  spectrum  is  not  sufficiently  unique 
to  differentiate  between  different  retarder 
types  or  specific  retarders.  It  was  found  that 
phenol,  sucrose,  and  even  triethanolamine 
gave  spectra  similar  to  those  shown  in  figure  5 
and,  consequently,  this  approach  was  also 
not  suitable  for  identifying  retarders. 

Infrared  Spectra 

Infrared  spectral  curves  were  obtained  for 
each  material  by  means  of  a  double-beam 
spectrophotometer.     The  equipment  used  in- 
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Figure  4. — Relation  between  concentration  and  absorbance  for  lignosulfonate  retarder. 


eluded  a  Perkin-Elmer  double-beam  Infrared 
Spectrophotometer,  Model  137  (Infracord), 
with  automatic  recording  and  a  sodium  chloride 

prism  for  operation  between  2.5  and  15  microns. 
Scanning  time  was  approximately  12  minutes. 
An  evacuable  die  was  used  to  prepare  samples 
by  the  potassium  bromide  disk  technique. 

Procedure 

The  pressed  disk  technique  was  considered 
must  suitable  for  the  retarders  studied  because 
of  the  relative  insolubility  of  these  materials 
in  appropriate  organic  solvents  used  in  solu- 
tion techniques.  The  mull  method  was  dis- 
carded because  of  the  effects  of  the  mulling 
agent  and  the  limited  quantitative  application 
of  this  method. 

In  the  pressed  disk  method,  solid  samples 
were  ground  to  a  fine  powder  with  mortar 
and  pestle  and  then  vacuum  dried  at  50°  C. 
for  at  least  2-1  hours.  Liquid  samples  were 
evaporated  to  dryness  at  a  low  temperature, 
ground,  and  dried  under  the  same  conditions. 
Approximately  1  mg.  of  sample  and  0.35  g.  of 


potassium  bromide  (anhydrous  spectroscopic 
tirade,  200/325  mesh)  wen;  weighed  into  a 
special  stainless  steel  capsule.  Two  stainless 
steel  balls  were  added  and  the  contents  mixed 
for  30  seconds  by  an  electric  amalgamator. 

The  powder  was  transferred  to  the  evacu- 
able die  (shown  disassembled  in  figure  6),  and 
the  assembly  was  evacuated  to  an  absolute 
pressure  of  less  than  1  cm.  of  mercury.  Vac- 
uum was  maintained  for  5  minutes  prior  to 
pressing  as  well  as  during  pressing.  A  1,000- 
pound  load  was  applied  for  1-2  minutes 
followed  by  a  20,000  pound  load  for  3-5 
minutes.  The  potassium  bromide  disk  was 
then  removed  and  analyzed  in  the  infrared 
spectrophotometer.  The  disk  measured  13 
millimeters  in  diameter  and  was  approximately 
one  millimeter  thick  and  is  shown  in  figure  7. 

A  few  of  the  dried  retarder  samples  were 
tacky  or  viscous.  These  were  slurried  with 
alcohol,  mixed  with  potassium  bromide,  vac- 
uum dried,  and  then  reground  and  pressed 
into  disks. 


Table  6. — Ultraviolet  spectral  data  for  lignosulfonate  retarders 


Retarder  No. 


2 

3 

7 

10— 
11— 


12— 
13— 

14.- 
15— 
10— 


17.. 

IS 

1!) 

20. 

21- 

22  3 

23. 
24. 
25. 


l "  1 1  i  :  1 1  con- 
central  ion1 
(percent) 


i)  i).-, 
,  mi.-. 
.005 
.  005 
.005 

.005 
.  005 
.005 
.005 
.005 

.  005 
.005 
.005 
5.  01 
5.01 

.005 
.005 
.005 

llll., 


Spectral  peaks  : 


Maximum 


\\  avelength 
(milli- 
microns I 


Median  «. 


2S1.  0 
278.0 
2S0. 5 
280.  II 
283.0 

■jsn  o 
27'.).  o 
282.  0 
278  0 
281.5 

280.  5 
281.0 
280.  0 
279.  0 

280.0 

I  270. 0 

280.0 

284.0 
281.5 

280.0 


Absorbance 


0  151 
.457 
.  589 

.582 
.  302 

.474 
328 
138 

.442 

.  1(18 

.  5(12 
.  303 
.  inn 
.333 
.  290 

.018 
.Kill 
.381 
.441 


Minimum 


Wavelength 
(milli- 
microns) 


200.  5 
202.  5 

259.  5 

260.  0 
200.  0 

261. 0 
262.  0 

261.  (I 

262.  0 
260.  5 

200.  0 
200.  5 
260.  (I 
262.  5 
260.5 

»  267. 5 
260.  5 
262.  5 
261.0 

260.5 


Wisol  bailee 


(I.  121 
.  396 
.  131 

.  419 

.225 

.395 
.  292 
.  298 
.  390 
.281 

.359 

.  272 

.278 

28 1 

.248 

.  01 1 
.384 

.  297 

.  308 


Relative  concentration 
of  lign  osulfonate, 
percent  by  weight " 


Based  on 
original 
material 


2.0 

6(1.9 
78.5 
77.  0 
48.3 

03.  2 
43.7 
58.4 
58.9 
54.4 

60).  9 

52.  4 

53.  3 
19.  1 
16.8 

82.4 
61.3 
50.8 
58.8 


Based  on 

dry  solids 


2.0 
65.3 
82,  2 

81.8 

51.  5 

66.1 
47.9 

62.  4 

63.  6 
57.4 

72.4 
56.  5 
56.  3 
61.6 
50.6 

90.1 

06.  1 

52.  9 
02.  9 


(In0.2N  KII2PO4-O.1N  NaOlI  buffer  solution. 

2  1  cm.  cell. 

3  Derived  from  the  Kraft  process. 
*  Retarder  No.  22  not  included. 


s  Percentage  by  volume  (original  material  was  liquid). 
6  No  sharp  maximum  and  minimum,  but,  rather  a  shoulder. 
'  Calculated  from  absorbance  at  maximum  peak.     Relative 
to  retarder  No.  2  which  was  assumed  to  be  2  percent. 
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Figure  5. —  J'isible  spectra  of  retarders  containing  organic  acids  or  carbohydrates. 


Results  of  infrared  analyses 

Figures  8  through  12  illustrate  typical  infra- 
red spectra  of  the  different  retarders.  Each 
retarder  gave  a  characteristic  spectrum  which 
could  be  used  both  to  identify  the  material 
and  establish  the  concentration  of  major  active 
constituents.  In  general,  lignosulfonate  re- 
tarders had  the  same  characteristic  spectra 
regardless  of  the  type  of  salt  (i.e.,  sodium, 
calcium,  or  ammonium).  Nevertheless,  cer- 
tain lignosulfonates  containing  carbonates  or 
other  major  modifiers,  as  well  as  a  lignosulfo- 
nate derived  from  the  Kraft  process,  could  lie 
easily  distinguished  by  their  unique  spectra. 

Figure  8  shows  the  type  of  spectra  obtained 
for  the  lignosulfonate  type  retarders.  The 
top  spectrum  (A),  retarder  No.  12,  illustrates 
t  he  typical  spcct  rum  of  lignosulfonates  derived 
from  the  sulfite  liquor  or  acid  process.  The 
characteristic  peaks  at  different  wavelengths 
in  the  lignosulfonate  spectrum  are  produced 
by  the  following  chemical  groupings  present: 


1.  Intense  peaks  at  2.9  and  0.6  microns: 
hydroxyl   (Oil)   groups. 

2.  Moderate  peak  at  3.4  microns:  usual 
carbon-hydrogen  stretching  bonds. 

3.  Strong  peaks  at  6.25  and  6. (12  microns: 
carbon-carbon  bonds  (phenyl  ring). 

4.  Weak  peaks  at  6.9  and  7.3  microns: 
probably  sulfur-oxygen  bond  (sulfone  group). 

5.  Broad  band  at  approximately  8.3  mi- 
crons: sulfonate  group. 

Spectrum  B,  figure  8,  is  the  curve  for  ligno- 
sulfonate retarder  No.  13.  The  presence  of 
substantial  amounts  of  sodium  carbonate  pro- 
duced strong  bands  which  masked  part  of 
the  characteristic  lignosulfonate  spectra.  The 
broad  peaks  at  7.0  and  11.3  are  characteristic 
of  the  sodium  carbonate  present  (see  figure 
9A  which  illustrates  the  infrared  pattern  of 
sodium  carbonate).  If  desired,  the  sodium 
carbonate  interference  may  be  removed  by 
neutralization  with  hydrochloric  acid,  followed 
by   an   alcohol  extraction   of  I  he  sodium   chlo- 


Figure  6. — Evacuable  die  disassembled. 


Figure  7. — Potassium  bromide  disk  and  disk 
holder. 

ride  thus  formed.  The  lignosulfonate  is  insol- 
uble in  alcohol  and  should  then  give  a  good 
characteristic  spectrum. 

Curve  C  in  figure  8  represents  a  lignosulfo-J 
nate  (No.  22)  obtained  from  the  Kraft  process?* 
for  making  paper.  Although  the  curve  shows 
the  major  peaks  of  a  typical  lignosulfonate. 
several  additional  characteristics  help  iden- 
tify this  material.  For  instance,  at  8.3  mi- 
crons (sulfonate  group)  absorption  was  at  a 
greater  intensity,  and  at  8.8  and  10.2  micruns 
peaks  were  produced,  probably  by  inorganic 
sulfate.  Another  characterization  of  this 
material  was  the  weak  absorption  peak  at 
12.7  microns. 

The  last   two  spectra,   D  and  E,   in  figurel 
8   are    of    the    same    sample    (No.    2),    which 
contained    a    lignosulfonate.     Curve    D     was 
obtained    on    the    original    sample,    and    it    is 
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Figure  8. —  Typical  infrared  spectra  of  ligno 
sulfonate  retarders. 
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apparent  that  it  does  not  clearly  show  the 
characteristic  lignosulfonate  pattern.  This 
was  caused  by  the  presence  of  a  large  quan- 
tity of  dolomitic  limestone  which  produced  an 
intense  spectrum  of  its  own.  When  this  con- 
stituent was  removed  by  centrifuging  an  aque- 
ous suspension,  the  characteristic  spectrum 
of  lignosulfonate  was  evident  as  shown  in 
curve  E.  Spectrum  D  is  useful  in  that  it 
supplied  ample  evidence  of  the  presence  of 
dolomitic  limestone  in  the  original  material. 
The  peak  at  14  microns  was  unique  for  cal- 
cium carbonate  (limestone),  while  the  smaller 
peak  at  13.7  microns  was  unique  for  dolo- 
mite. From  the  relative  intensities  of  these 
two  peaks  it  was  estimated  that  the  ratio  of 
dolomite  to  limestone  was  approximately  1:4. 

Figure  9  shows  the  spectra  obtained  on 
several  carbonate  materials,  namely,  sodium 
carbonate,  calcium  carbonate,  and  dolomite. 
Spectra  B  and  C  illustrate  the  characteristic 
peaks  for  limestone  and  dolomite  discussed 
above. 

Figure  10  illustrates  the  unique  infrared 
patterns  which  may  be  used  to  identify  differ- 
ent hydroxy-carboxylic  acid  salts.  It  is  quite 
apparent  that  these  curves  are  distinctly  dif- 
ferent from  the  lignosulfonate  pattern  as  well 
as  from  each  other.  Spectrum  A  (retarder 
No.  8)  shows  the  masking  effect  of  a  large 
amount  of  siliceous  matter  and  iron  oxide 
present  in  the  material.  To  eliminate  this 
interference,  an  aqueous  suspension  of  the 
retarder  was  centrifuged  to  remove  insoluble 
siliceous  material  and  iron  oxide.  The  re- 
maining material  then  save  a  distinctive  infra- 


red pattern  of  organic  material  as  seen  in 
spectrum  B.  The  following  chemical  groups 
accounted  for  the  more  significant  peaks  in 
spectrum  B:  (1)  Hydroxyl— intense  peak  at 
3.1  microns;  (2)  carbon-hydrogen  stretching — 
minor  peak  at  3.4  microns;  (3)  carboxyl  and 
carboxyl  salt— intense  peaks  at  6.3,  0.1.  and 
9.6  microns;  and  (4)  overtones  of  the  carbon- 
hydrogen  linkages  accounted  for  the  other 
peaks  from  7.3  to  8.3  microns. 

The  spectrum  of  a  triethanolamine  salt  of 
a  hydroxy-carboxylic  acid  is  shown  in  spec- 
trum C,  figure  10.  Although  the  major  peaks 
of  hydroxyl,  carbon-hydrogen,  and  carboxylic 
groups  were  evident,  this  spectrum  had  suf- 
ficiently unique  features  to  clearly  identify  the 
retarder.  For  instance,  there  was  a,  prominent 
peak  at  10.9  microns,  probably  caused  by  a 
carbon-nitrogen  bond,  and  the  usual  hydroxyl 
peak  at  3.0  microns  was  accentuated  by  the 
presence  of  nitrogen-hydrogen  groups  in  this 
material. 

Figure  1  1  shows  the  spectra  of  still  another 
organic  acid  retarder  (No.  6).  Curve  A  shows 
the  spectrum  of  the  original  material,  whereas 
Curve  B  was  obtained  after  zinc  and  borates 
were  removed.  Zinc  was  removed  by  two 
batchwise  treatments  with  a  cation  exchange 
resin,  200-400  mesh  hydrogen-form  (Amber- 
lite  IR-120  or  Dowex-50)  followed  by  vacuum 
distillation  with  methyl  alcohol  to  remove 
the  boron  as  volatile  methyl  borate  (10). 
Spectrum  B  shows  many  of  the  usual  peak-  i  if  a 
hydroxy-carboxylic  acid,  and  is  sufficiently 
distinctive  to  be  used  to  identify  this  material. 
The  prominent  peak  at  5.6  microns  was  un- 


doubtedly caused  by  a  lactone  formation. 
Spectrum  C  in  the  same  figure  is  that  of  a  tech- 
nical grade  of  gluconic  acid  which  showed  a 
striking  resemblance  to  sample  No.  0  (spec- 
trum ]i). 

The  infrared  spectrum  of  the  carbohydrate 
ret  arder  is  illustrated  in  figure  12.  Sped  rum  A 
(retarder  No.  1)  presents  a,  pattern  that  was 
quite  unique  and  therefore  useful  for  identifi- 
cation. A  comparison  of  this  spectrum  with 
the  spectrum  of  sucrose  or  cane  sugar  (curve 
B)  clearly  demonstrates  that  retarder  No.  1 
is  essentially  sucrose. 

Although  no  effort  was  made  in  this  report 
to  use  the  infrared  spectra  for  quantitative 
analysis  of  the  materials,  such  techniques 
could  be  easily  applied.  For  solid  samples, 
such  as  potassium  bromide  pellets,  the  base- 
line technique  is  most  appropriate  and  has 
been  well  described.  ( ienerally,  this  technique 
involves  tin.'  measurement  of  the  depth  of  a 
single  significant  peak,  compared  to  a  reference 
base  line, 

Uniformity  of  trade  products 

The  ability  of  infrared  analysis  to  "finger- 
print" or  measure  the  uniformity  of  different 
batches  of  specific  proprietory  products  is 
illustrated  by  figures  13  and  14.  Figure  13 
shows  the  spectra  of  four  different  lots  of  a 
solid  lignosulfonate  retarder  sold  under  one 
trade  name.  Each  material  had  been  obtained 
from  a  supplier  by  different  State  highway  de- 
partments at  different  times  ranging  from  1954 
(fig.  13A)  to  1958  (fig.  13D).  The  general 
shape  of  the  spectra  are  the  same,  with  signifi- 
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Infrared  spectra  of  related  inorganic  carbonates. 
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caul,  peaks  occurring  at  the  same  wavelengths 
in  each  lot.  This  definitely  established  that  in 
each  ca.se  the  materials  were  chemically  the 
.-.line.  By  analyzing  the  peak  intensities  at 
selected  wavelengths  and  knowing  the  concen- 
1  ration  of  sample  used  in  the  infrared  analysis, 
any  material  differences  in  composition  of  the 
retarder  from  batch-to-batch  could  he  demon- 
strafed.  Here,  the  compositions  were  shown 
to  be  fairly  uniform,  thus  establishing  that  no 
material  alteration  or  differences  existed  be- 
tween t  he  lots  submitted. 

Figure  14  shows  the  spectra  for  an  organic 
acid  retarder,  specifically,  a  hydroxy-carbox- 
ylic  acid  salt  in  liquid  form.  Here  again,  each 
sample  was  obtained  under  the  same  trade 
name  by  different  State  highway  departments 
at  different  times  ranging  from  1956  (fig.  14 A) 
to  1958  (fig.  111)).  The  "fingerprinting"  abil- 
ity of  infrared  analysis  once  again  determined 
the  nature  and  concentration  of  the  ingredi- 
ents. The  uniformity  of  the  spectra  shows 
that  each  lot,  was  substantially  the  same. 

Comparison  of  Methods  of  Analyses 

Since  the  major  objective  of  this  study  was 
to  develop  procedures  by  which  the  com- 
position of  commercial  retarders  could  be 
readily    identified    and    determined    so    as    to 
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Figure  11  (to  the  left). — Infrared  spectra 
of  complexed  organic  acid  retarder  and, 
gluconic  acid. 

provide  a  basis  for  obtaining  the  necessary 
assurance  that  the  composition  would  be 
uniform  from  batch-to-batch,  it  is  note- 
worthy to  compare  the  various  methods  of1 
analyses. 

Infrared  spectral  analyses  offers  the  most 
promising  and  rapid  means  of  clearly  identi- 
fying and  classifying  retarder  materials. 
This  technique,  by  obtaining  recorded  spectral 
curves,  "fingerprints"  the  unique  and  dis- 
tinctive characteristics  for  each  retarder. 
Thus,  carbohydrates  and  organic  hydroxy- 
carboxylic  acids  were  easily  identified  due  to 
their  distinctive  spectral  patterns.  Ligno- 
sulfonates  likewise  had  unique  characteristics 
which  made  identification  easy,  regardless  of 
the  type  or  salt  present  or  the  source  of 
supply.  Further,  spectral  difference  caused 
by  the  manufacturing  process  or  the  presence 
of  other  ingredients  aided  in  the  identification 
and  determination. 

Infrared  analyses  can  also  be  used  to 
assure  the  purchaser  that  the  nature  and 
concentration  of  each  lot  of  retarder  for 
specific  field  projects  has  not  been  materially 
altered  from  that  of  the  original  material. 
The  time  required  for  the  analysis  is  only  20 
to  30  minutes  as  compared  to  a  week  or  more 
by  conventional  methods  of  chemical  analysis. 

Ultraviolet  techniques  were  also  found  to 
be  of  value  in  identifying  lignosulfonates  and 
in  establishing  the  concentration  of  the  major 
active  ingredient.  However,  specific  com- 
mercial lignosulfonates  were  not  as  easily 
differentiated  by  ultraviolet  spectra  as  com- 
pared to  their  infrared  spectra.  Ultraviolet 
as  well  as  visible  spectral  analyses  were  not 
found  suitable  for  identifying  other  types  of 
retarders. 
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Figure  13. — Infrared  spectra  of  four  different  lots  of  a  Ugnosulfonate      Figure  14. — Infrared  spectra  of  four  different  lots  of  an  organic 
retarder  obtained  from  one  manufacturer.  acid  retarder  obtained  from  one  manufacturer. 


The  determination  of  the  quantitative 
amounts  of  inorganic  constituents  can  be 
most  conveniently  and  precisely  determined 
by  conventional  chemical  methods.  How- 
ever, while  useful,  the  conventional  procedures 
were  tedious  and  time-consuming,  and  often 
yielded  empirical  or  doubtful  results  for 
certain  organic  constituents.  This  was  found 
to  be  particularly  true  among  the  Ugnosul- 
fonate and  organic  acid  retarders. 
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THE  USE  OF  CHEMICALS  for  delaying 
the  initial  setting  time  of  portland  cement 
concrete  is  not  new.  The  effects  of  sugar  and 
other  retarders  on  concrete  have  been  known 
for  many  years.  In  1945,  it  was  reported  that 
a  retardant  admixture  had  been  used  during 
1942  to  1 ". ) 4 5  in  lightweight  concrete  for  the 
construction  of  concrete  ships  (l)2.  The  ad- 
mixture was  used  in  non-air  entrained  concrete 
to  reduce  the  amount  of  mixing  water,  or  to 
increase  slump  and  to  prevent  the  early 
stiffening  and  formation  of  "cold  joints." 

Since  that  time  there  have  been  many 
articles  written  discussing  the  use  of  retardants 
in  concrete  for  prestressed  "beams  or  piles  and 
bridge  structures  and  relating  valuable  test 
data  (2,  3). 

Several  Federal  agencies  have  been  using 
temporary  or  interim  specifications  for  re- 
tarders. The  Bureau  of  Reclamation  sug- 
gested a  specification  in  1954  and  the  Bureau 
of  Public  Roads  proposed  a  specification  for 
certain  local  usage  in  1956  which  was  revised  in 
1958.  These  specifications  were  based  mainly 
on  field  experiences  with  retarders  from  two 
manufacturers,  and  on  a  limited  amount  of 
laboratory  test  data.  The  need  for  a  specifica- 
tion for  commercially  available  retarders  lias 
become  greater  since  the  possible  benefits  of 
retarders   have   been   recognized    more    fully. 

Concrete  Materials  Used 

The  classification  of  the  25  retarders  tested 
and  their  general  properties  are  shown  in 
table  1.  The  information  supplied  by  the 
marketer  and  tests  by  the  Bureau  were  the 
bases  for  the  classification. 

A  blend  of  equal  parts  by  weight  of  four 
brands  of  type  I  cement-  was  used  for  all 
concretes  in  this  investigation.  The  chemical 
composition  and  physical  properties  of  each 
brand  and  of  the  blend  are  shown  in  table  2. 
About  :'>2  bags  (one  lot)  of  each  of  the  four 
cements  were  stored  in  sealed  55-gallon  steel 
drums  until  used,  and  three  lots  of  each  of  the 
lour  cements  were  used  altogether  during  the 
invest  igal  ion. 

The  air  entraining  admixture  used  was  an 
aqueous  solution  of  neutralized  Vinsol  resin. 
The  solution   contained    15   percent   of  solids 


1  Presented  at  the  4ot.li  Annual  Meeting  of  the  Highway 
Research  Board,  Washington,  D.C.,  January  1961. 

-  Italic  numbers  in  parentheses  refer  to  a  list  of  references 
mi  page  154. 


when  calculated  as  a  residue  dried  at  105°  C, 
and  the  ratio  of  sodium  hydroxide  to  Vinsol 
resin  was  1  to  6.4  parts  by  weight. 

A  natural  siliceous  sand  having  a  fineness 
modulus  of  2.90,  a  specific  gravity  (bulk  dry) 
of  2.65,  and  an  absorption  of  0.4  percent,  and 
a  crushed  limestone  of  1-inch  maximum  size, 
having  a  specific  gravity  (bulk  dry)  of  2.75 
and  an  absorption  of  0.4  percent,  were  used 
as  aggregates.  When  the  aggregates  for  a 
batch  of  concrete  were  weighed,  the  sand  con- 
tained free  water  but  the  stone  was  weighed 
in  a  saturated  surface-dry  condition. 

Three  mixes  of  air-entrained  concrete  with 
air  contents  of  5  to  6  percent  and  a  slump  of 
2  to  3  inches  were  used  in  the  study.  Mix 
No.  1,  the  reference  mix  without  retarder,  and 
mix    No.    2,    a    test    mix    with    retarder,    had 


cement  contents  of  6  bags  per  cubic  yard  of 
concrete.  Mix  No.  3,  also  a  test  mix  with 
retarder,  had  cement  contents  which  varied 
from  5.25  to  5.75  bags  per  cubic  yard  and  the 
water-cement  ratio  was  approximately  the 
same  as  that  of  the  reference  mix  (No.  1). 
The  water  content  of  mix  No.  2  was  reduced 
below  that  of  the  reference  mix  but  sufficient 
aggregates  were  added  to  compensate  for  the 
reduced  volume.  A  summary  of  the  mix  pro- 
portions is  given  in  table  3. 

A  sufficient  amount  of  retarder  was  used  in 
the  tests  of  mix  No.  2  at  73°  F.  to  cause  a  delay 
in  setting  time  of  2J-2  to  3  hours  beyond  the 
setting  time  of  the  reference  mix.  The  correct 
amount  of  each  retarder  for  the  desired  re- 
tardation was  predetermined  by  trial  mixes. 
The  same  amount  of  retarder,  in  ounces  per 


Table  1. — Properties  of  retarders 


Type  of  retarder 


Lignosulfonates: 

Ammonium  salts. 

Sodium  salts.. 


Calcium  salts. 


i  trganic  acids: 
Metal  salts 

Triethanolamine  salt.. 

Zinc  borate  complex. . 

Carbohydrates:  Sucrose 


Retarder 

No. 


7 
10 

5  6  17 

15 

iy 

'22 
23 

I  ^ 

3 

Ml 

12 

13 

6  H 

1C 
18 

20 

21 

"24 

5  10  25 

4 

8 

tig 

5 
6 

»  1 


Physical  state 


I  '(l\\  .111 

do.. 

...do.. 

Powder. 

do.. 

do.. 

.'....do- 
Powder  . 

do.. 

do.. 

...do.. 

do.. 

do.. 

do.. 

do.. 

Liquid.. 

do.. 

Powder. 
do.. 

Liquid.. 
Powder. 
Liquid.. 

Liquid.. 
....do- 
Liquid.. 


Amount  of  retarder 


Recom- 
mended by 
manufac- 
turer 


Oz./bng 


3  8 


3.  8- 

4  o 

.8 

3  v 

8.0 

3.8- 

4.0 


4.  5-  7.  5 

3-4 

4.0 

4.  0-  5.  0 

9.0 
11.0 
12.0 
3     -  4 

2.  0-  4.  0 
8.0-16.0 
2.  0-  4. 0 

2.  7-  7.  1 
2.0 
1.0-  4.0 


Used  i 


Oz.jbag 
3.5 
3.2 
3.2 

4.0 
4.0 

4.0 
6.4 

14.4 
4.0 
4.8 
4.0 

4.8 
5.0 
4.K 
4  0 

9.0 
9.0 
9.6 
4.0 

3.0 
12.0 
2.8 

4.0 
4.0 
1   1 


Retarder  constituents  2 


Dry 

solids  3 


Oz.jbag 
3.3 
3.0 
3.0 

3.7 
3.8 

3.7 
5.9 

14.3 
3.7 
4.5 
3.8 

4.4 
4.7 
4.5 
3.7 

3.3 
3.2 
9.2 
3.7 

1.2 
11.9 
1.1 

2.1 
1.3 
.4 


Volatile 

organic 

materia]  '■ 


Oz.jbag 
3.3 
3.0 
2.9 

2.8 

2.8 
2.0 
3.9 

.111 
3.1 
3.2 
3.0 

2.3 

4.0 
3.8 
3.4 

2.6 
2.5 
5.  1 
3.  1 


2.1 
.91 
.43 


1  Amount  of  retarder  necessary  lo  retard  set  of  concrete  from  2\l  to  3  hours  as  determined  by  Proctor  penetration  test  at 
600  p.s.i. 

2  Additional  chemical  constituents  reported  in  footnotes. 

3  Determined  by  drying  at  110°  C. 
*  Determined  by  ignition. 

5  Over  10  percent  carbohydrate, 
o  Over  5  percent  reducing  sugar 

7  Derived  from  Kraft  process. 

8  Contained  less  than  5  percent  calcium  lienosulfonate. 

6  Contained  calcium  chloride. 

10  Contained  foaming  agent. 

11  Contained  less  than  10  percent  of  active  organic  constituent.     Remainder  is  iron  oxide  and  siliceous  material. 
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Table  2. — Cheinical  composition  and  physical  properties  of  port  land  cement 


Hi  in  ruination  i 


Chemical  composition  (percent): 

Silicon  dioxide 

Aluminum  oxide 

Ferric  oxide 

Calcium  oxide 

Magnesium  oxide 

Sulfur  trioxide 

Loss  on  ignition 

Sodiumoxide 

Potassium  ox ide 

Equivalent  alkalies  as  Na«0 

Chloroform-soluble  organic  substances.-. 

Free  lime 

Computed  compound  composition  (percent) 

Triealcium  silicate— - 

Dicalcium  silicate 

Triealcium  alumina te 

Tetracalcium  aluminoferrite 

Calcium  sulfate- 

MerrimaD  sugar  test: 

Neutral  point,  ml 

Clear  point,  ml 

Physical  properties: 

"  Apparent  specific  gravity.- 

Specific  surface  (permeability),  em.2/g... 

Autoclave  expansion,  percent 

Normal  consistency,  percent 

Time  of  setting  (Gilhnore  test): 

Initial,  hours 

Pinal,  hours 

Compressive  strength: 

At  3  days,  p.s.i ... 

At  7  days,  p.s.i 

At  28  days,  p.s.i. 

Tensile  strength: 

At  3  days,  p.s.i 

At  7  days,  p.s.i.. 

At  28  days,  p.s.i. 

Mortar  air  content,  percent 


Cement  A 

Cement  B 

Cement  C 

Cement  D 

Blend  2 

21.4 

21.4 

21.9 

21.4 

21.0 

5.  9 

5.1 

5,  6 

5.4 

5.4 

2.  8 

2.2 

2.3 

2.4 

2.4 

63.  » 

62.  5 

66.1 

65.2 

64.  3 

2.1 

3.8 

1.2 

1.0 

2.2 

1.8 

2.4 

1.7 

1.9 

2.0 

1.7 

1.5 

1.2 

1.1 

1.4 

.2(1 

.in 

.02 

.14 

.18 

.82 

9 

.14 

.79 

.09 

.74 

93 

.11 

.  66 

.03 

.lllti 

mis 

.004 

.007 

.(ins 

.97 

.  93 

.97 

.60 

.94 

47 

48 

57 

58 

52 

26 

21! 

20 

IS 

23 

11 

10 

11 

10 

10 

8.5 

6.  7 

7.0 

7.3 

7.4 

3.05 

4.08 

2  89 

3.23 

3.31 

7.0 

2.4 

2.3 

2.5 

3.3 

8.8 

2.8 

2.6 

2.8 

4.2 

3.12 

3.13 

3.14 

3.14 

3. 12 

3.  375 

3.  590 

3.110 

3,  145 

3.310 

.07 

.19 

.04 

.06 

.07 

25.3 

24  3 

24.4 

24.0 

24.0 

2.9 

2.8 

3  4 

4.0 

2.3 

6  2 

5.  1 

0.8 

0.0 

7.5 

2,500 

2,500 

2,030 

2,010 

2,  190 

4,  165 

3,450 

3,  225 

t    17:, 

3,840 

5,690 

4,  565 

5,  585 

5,  510 

.",.  285 

340 

320 

300 

320 

315 

400 

395 

305 

435 

400 

470 

465 

475 

405 

480 

8.0 

8  8 

7.5 

7.8 

8.6 

1  All  determinations  except  the  Merriman  sugar  test  were  made  in  accordance  with  current  AASHO  methods  for 
Portland  cement. 

2  Tests  made  on  blend  of  equal  parts  by  weight  of  all  four  cements. 


bag  of  cement,  was  used  in  mix  No.  3.  Addi- 
tional tests  of  some  retarders  were  made  using 
four  times  the  amount  of  the  retarder  used  in 
mixes  Nos.  2  and  3. 

Mixing,   Fabrication,   and   Curing  of 
Specimens 

Mixing  was  done  in  an  open-pan  type  Lan- 
caster mixer  with  a  rated  capacity  of  l'ji  cubic 
feet.  Most  batches  were  from  1^2  to  2  cubic 
feet  in  volume.  The  mixing  cycle  was  as 
follows:  The  blend  of  four  cements  and  the 
moist  fine  aggregate  were  mixed  for  30  seconds; 
water  was  added  and  the  mortar  was  mixed 
for  1  minute.  After  the  addition  of  the  coarse 
aggregate  the  concrete  was  mixed  for  2 
minutes.  Following  a  rest  period  of  2  min- 
utes, the  concrete  was  mixed  for  1  more 
minute.  This  2-minute  rest  period  and  the 
additional  minute  of  mixing  is  standard  labora- 
tory procedure  for  the  Bureau  of  Public  Roads. 

Retarder  in  powder  form  was  added  with 
the  cement  and  sand,  but  a  liquid  retardant 
admixture  was  added  with  part  of  the  mixing 
water.  Vinsol  resin  solution  was  added  with 
part  of  the  mixing  water,  but  was  not  mixed 
with  the  liquid  retarder  until  each  was  placed 
in  the  mixer. 

Consideration  was  given  to  adding  the  solu- 
ble powdered  admixtures  in  an  aqueous  solu- 
tion. Although  the  soluble  powders  could 
have  been  prepared  in  a  stock  solution  or 
suspension,  it  was  believed  that  during  the 
period  of  months  required  for  the  program, 
evaporation  or  chemical  changes  of  the  solu- 
tion of  the  retarder  due  to  exposure  to  light 
might  result.  An  attempt  was  made  to  dis- 
solve in  water  the  weighed  amount  of  lignosul- 
fonate  powder  required  for  a  single  batch  of 
concrete  but  difficulty  was  experienced  with 
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some  powders  in  obtaining  a  uniform  solution 
or  suspension.  Therefore,  the  procedure  of 
adding  the  powdered  admixture  with  the 
cement  and  wet  sand  was  used.  It  was  be- 
lieved that  a  uniform  distribution  of  the 
powdered  admixture  in  the  concrete  was 
obtained. 

A  control  or  reference  mix  (No.  I)  was  made 
on  each  mixing  day  together  with  the  retarder 
mixes  (Nos.  2  and  3).  Due  to  time  and  mold 
limitations  only  one  control  mix  and  two 
retarder  test  mixes  were  made  on  each  mixing 
day  for  each  of  three  to  five  different  retarders. 
Two  rounds  of  specimens  for  retardation  tests 
and  five  rounds  for  strength  tests  were  made 
but  each  round  did  not  necessarily  include  the 
same  retarders  as  in  the  preceding  round. 

Concrete  used  for  slump  and  unit  weight 
tests  was  returned  to  the  mixer  and  remixed 
for  15  seconds  before  molding  specimens  for 
strength  tests.  Concrete  used  in  the  air  meter 
was  discarded.  Specimens  made  at  standard 
conditions  were  mixed  and  molded  in  a  tem- 


perature of   73°   F.  and   50   percent    relative 
humidity. 

Specimens  for  strength  or  durability 
were  6-  by  12-inch  cylinders  and  (i-  by  6-  by 
21-inch  or  3-  by  4-  by  16-inch  beams.  These 
were  molded  (except  for  vibrated  specimens) 
in  accordance  with  standard  AASHO  methods. 
Specimens  for  strength  tests  were  removed 
from  the  steel  molds  at  20  to  24  hours.  Small 
beams  for  volume  change  and  freezing  and 
thawing  were  removed  from  the  steel  molds 
at  44  to  48  hours. 

For  a  study  of  delayed  vibration,  G-  by  12- 
inch  cylinders  and  6-  by  6-  by  21-inch  beams 
were  molded  by  the  standard  procedure  and 
later  vibrated  for  30  seconds  using  an  internal 
spud  vibrator  of  1%-inch  diameter  with  a 
frequency  of  7,000  impulses  per  minute. 

The  original  program  required  that  the 
specimens  be  vibrated  when  the  screened 
mortar  showed  a  Proctor  penetration  3  load 
of  500  p.s.i.,  which  was  approximately  5 
hours  after  mixing  for  unretarded  concrete 
and  7'i  to  8  hours  for  the  retarded  concretes. 
However,  the  prescribed  time  intervals 
proved  too  long  as  the  mixes  became  too 
stiff  for  vibration.  Therefore,  the  time 
intervals  were  reduced  to  3  hours  after  mixing 
for  the  nonretarded  concrete  and  51 2  hours  for 
the  retarded  concrete.  A  small  amount  of 
concrete  was  removed  from  each  specimen 
just  prior  to  vibration  and  it  was  replaced  as 
the  vibration  was  completed.  No  additional 
concrete  was  added  to  compensate  for  the 
decrease  in  volume. 

All  specimens  for  standard  strength  tests 
were  (aired  under  wet  burlap  while  in  the 
molds  in  the  mixing  room.  After  removal 
from  the  molds  they  were  cured  in  moist  air 
at  73°  F.  and  100  percent  relative  humidity 
until  they  were  tested.  Small  beams  for 
volume  change  and  freezing  and  thawing 
were  cured  in  the  molds  for  44  to  48  hours 
under  wet  burlap  in  the  moist  room.  One- 
third  of  t  he  beams  for  volume  change  was  cured 
continuously  in  the  moist  room,  one-third 
were  removed  from  the  moist  room  at  2  days 
and  stored  in  laboratory  air  at  73°  F.  and 
50  percent  relative  humidity,  and  one-third 
were   cured    14   days   in   the   moist  room   and 


3  A  method  of  testing  for  rate  of  hardening  of  mortars 
sieved  from  concrete  mixtures  by  Proctor  penetration 
resistance  needles  in  accordance  with  ASTM  Metrod 
C  403-57  T.  This  method  is  referred  to  as  the  Proctor 
penetration  method. 


Table  3. — Summary  of  concrete  mix  proportions 


Properties  of  concrete 


Mix: 

Cement,  pounds 

Sand,  pounds 

Limestone,  pounds 

Cement,  bags  ner  cubic  yard... 

Water,  gallons  per  bag 

Water-cement  ratio,  by  volume 

Slump,  inches 

Air,  percent 

Retarder,  amount  used 


Mix  No.  1 


94 
190 
310 

6.0 
5.8 

.77 

VA 

5.  5 

None 


Mix  No.  2  1 


94 
193 
314 

6.0 
5. 1-5.  7 
.  08-.  76 

2V2 

5.5 
(3) 


Mix  No.  3  2 


Group  A       Group  B       Group  C 


94 
205 

330 


5.75 
5.8 

.77 
2'  . 
5.5 


(3) 


94 

215 
345 


5.50 

.77 
2'.. 
5.5 


94 
230 
360 

5. 25 

5.8 

.77 
2'.. 
5.5 
(3) 


1  Mix  No.  2  had  same  cement  content  as  Mix  No.  1. 

2  Mix  No.  3  had  same  water-cement  ratio  (±0.2  gal/bag)  as  Mix  No.  1.  Group  A— cement  content  reduced  0.25  bag 
per  cubic  yard  for  retarders  that  reduced  water  for  Mix  No.  2  by  up  to  5  percent.  Group  B— cement  content  reduced  0.50 
bag  per  cubic  yard  for  retarders  that  reduced  water  for  Mix  No.  2  by  5  to  to  percent.  Group  C— cement  content  reduced 
0.75  bag  per  cubic  yard  for  retarders  that  reduced  water  for  Mix  No.  2  by  10  percent  or  more. 

3  To  give  2Yi  to  3  hours  retardation. 
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then  sliiicd  in  laboratory  air.  Beams  for 
freezing  and  thawing,  after  removal  from  the 
molds  at  II  1"  48  hours,  were  cured  in  the 
moist  room  for  12  more  days,  then  cured  in 
laboratory  air  at  73°  F.  and  50  percenl 
relative  humidity  for  7  days  and  then  were 
completely  immersed  in  water  for  7  days 
prior  to  freezing. 

When  strength  specimens  were  made  under 
nonstandard  atmospheric  conditions,  the  lab- 
oratory air  temperature  was  90°  F.  and  the 
relative  humiditj  was  20  to  25  percent.  All 
materials  were  at  90°  F.  when  used.  After 
20  to  24  hours  curing  under  wet  burlap  at 
this  temperature,  the  specimens  were  removed 
from  the  molds  and  stored  in  the  moist  room 
at  73°  F.  and  100  percent  relative  humidity 
until  tested. 

Testing  Procedures 

Tests  on  the  plastic  concrete  for  slump, 
unit  weight,  and  air  content,  were  made  in 
accordance  with  AASHO  standard  methods. 
The  determination  of  the  air  content  was 
made  with  a  water-type  pressure  meter  that 
is  similar  to  the  meter  described  in  AASHO 
Method  T  152. 

Determination  of  the  retardation  of  the  set 
of  concrete  was  made  by  the  Proctor  pene- 
tration method  and  by  the  bond  pin  pullout 
method.4  The  Proctor  penetration  apparatus 
with  a  hydraulic  indicating  dial  and  the  pin 
pullout  device  are  shown  in  figures  1  and  2. 
Both  apparatus  were  constructed  by  the 
Bureau  of  Public  Roads. 

The  mortar  for  the  Proctor  penetration 
method  was  obtained  by  sieving  the  plastic- 
concrete  on  a  No.  4  sieve.  The  sieve  was 
vibrated  and  the  concrete  was  moved  over 
the  sieve  by  hand  or  by  use  of  a  small  trowel. 


<  Measuring  the  rale  oj  hardening  o)  concrete  by  bond  pullout 
pins,  by  T.  M .  Kelly  and  I).  E.  Bryant,  ASTM  Proceed- 
ings, vol.  57,  1957,  pp.  1029-1042.  Tins  method  is  referred 
to  as  the  pin  pullout  method. 


Two  G-  by  6-inch  watertight  steel  cylinder 
molds  were  filled  with  mortar,  and  were 
immediately  covered  with  glass  plates.  Water 
was  pipetted  from  the  mortar  as  it  collected 
on  the  surface. 

Concrete  for  the  pin  pullout  test  was  vi- 
brated around  the  pins  in  a  6-  by  6-  by  24-inch 
mold  using  a  laboratory  internal  vibrator,  and 
was  screeded  on  the  surface  by  a  steel  straighl 
edge.  The  specimens  were  covered  with  wet 
burlap  which  was  removed  only  while  a  pin 
was  pulled  from  the  concrete.  No  two  con- 
secutively pulled  pins  were  adjacent  to  each 
other. 

Typical  curves  for  retardation  of  mixes  Nos. 
1  and  2  by  the  Proctor  penetration  and  pin 
pullout  methods  are  shown  in  figure  3. 

Two  series  of  tests  were  made  to  determine 
the  temperature  rise  of  concrete  prepared  with 
retarders.  In  the  first  series  of  tests,  6-  by  6- 
inch  cardboard  cylinder  molds  were  filled  with 
screened  mortar  from  concrete  that  was  mixed 
at  90°  F.  The  specimens  were  then  sealed  by  a 
glass  plate  and  heavy  grease  and  stored  in 
a  curing  cabinet  at  90°  F.  In  the  second  series, 
6-  by  12-inch  cardboard  cylinder  molds  were 
filled  with  concrete  made  at  73°  F.,  sealed  with 
a  glass  plate  and  heavy  grease,  and  placed  in 
a  metal  can  11  inches  in  diameter  and  15 
inches  in  height.  Expanded  mica  was  placed 
around  all  surfaces  of  the  cylinder  mold  and 
on  the  glass  plate,  and  the  cans  were  stored  in 
laboratory  air  maintained  at  a  temperature  of 
73°  F.  Each  cylinder  was  molded  with  a  cop- 
per-constantan  thermocouple  at  its  symmetri- 
cal center  and  the  temperatures  were  recorded 
on  an  eight-point  potentiometer.  The  amount 
of  each  retarder  used  was  that  amount  neces- 
sary for  2}-2  to  3  hours  retardation  at  73°  or 
90°  F. 

All  cylinders  for  compressive  strength  tests 
were  capped  on  both  ends  with  high-alumina 
cement  after  removal  from  the  molds,  and  at 


least  48  hours  prior  to  testing.  All  caps  were 
within  0.001  inch  of  planeness.  The  cylinders 
were  loaded  at  a  rate  of  35  p.s.i.  per  second. 

Beams  for  fiexural  strength  were  tested  in 
accordance  with  AASHO  method  T  97.  When 
bearings  on  beams  did  not  meet  the  require- 
ments for  planeness,  they  were  ground  with  a 
power  driven  carborundum  wheel. 

Beams  measuring  3  by  4  by  16  inches  were 
tested  for  resistance  to  freezing  and  thawing  in 
accordance  with  the  standard  method  of  fast 
freezing  and  thawing  in  water,  AASHO 
method  T   161. 

Measurements  for  volume  change  of  3-  by 
4-  by  16-inch  beams  were  made  on  a  horizontal 
comparator  with  a  micrometer  dial  reading  to 
0.0001  inch  at  1  end  and  a  micrometer  barrel 
reading  to  0.0001  inch  at  the  other  end.  Beams 
were  molded  with  stainless  steel  studs  in  the 
ends  and  stored  with  the  4-inch  axis  in  a 
vertical  position  during  the  curing  and  drying 
period. 

Tests  for  static  modulus  of  elasticity  were 
made  on  6-  by  12-inch  cylinders  at  7  and  28 
days  by  an  autographic  stress-strain  recorder 
with  a  6-inch  gage  length.  These  tests  were 
paralleled  by  sonic  modulus  of  elasticity  tests 
on  6-  by  6-  by  21-inch  beams  which  were  made 
from  the  same  batch  of  concrete  as  the  cylin- 
ders. 

Density  and  absorption  tests  were  made  on 
2  disks,  each  1  inch  in  thickness,  which  were 
cut  from  the  top,  middle,  and  bottom  of  the  6- 
by  12-inch  concrete  cylinders.  The  cylinders 
were  molded  from  mixes  Nos.  1  and  2.  The 
disks  were  cut  by  a  diamond  wheel  at  an  age  of 
28  days  from  moist-cured  cylinders  and  were 
weighed  in  air  and  under  water.  They  were 
then  dried  to  constant  weight  in  a  forced  air 
oven  at  190-200°  F. 

One  procedure  in  the  mixing  and  testing  of 
the  plastic  concrete  and  the  testing  of  hard- 
ened concrete  should  be  emphasized.     Every 


Figure  I. — Proctor  penetration  device. 
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Figure  2. — Pin  pullout  device. 
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Figure  3. — Typical  curve  for  Proctor  penetration  and  pin  pullout  tests  for  retardation  time 

on  concrete. 


test  made  on  plastic  or  hardened  concrete  in- 
cluded specimens  from  mix  No.  1,  the  reference 
mix  without  retarder. 

Discussion  of  Test  Results 

The  test  data  results  are  shown  in  tables 
4-13,  and  in  figures  4-12.  The  effect  of 
retarders  on  the  concrete  are  discussed  in 
terms  of  the  main  objectives  of  the  study, 
which  were  to  determine  the  effect  of  1  he 
retarder  on:  (1)  retardation  of  setting  time, 
(2)  water  content  and  air-entrainment,  (3) 
strength,  (4)  durability,  and  (5)  volume 
change.  Additional  tests,  such  as  the  effect 
of  overdosage  of  retarders,  retardation  and 
strength  at  elevated  temperature,  modulus 
of  elasticity,  delayed  vibration,  density  and 
absorption,  and  temperature  rise,  are  also 
discussed. 

Effect    of    Admixtures    on    Time    of 
Retardation 

The  amount  of  each  retarder  and  the 
resulting  retardation,  as  measured  by  the 
Proctor  penetration  test  at  500  p.s.i.  or  4,000 
p.s.i.  penetration  pressure,  or  by  the  pin 
pullout  test  at  8  p.s.i.  are  shown  in  table  4. 
Each  value  is  the  average  of  2  tests  that  were 
made  on  2  days.  Retardation  is  the  difference 
in  setting  time  between  that  for  the  reference 
mix  (No.  1)  and  that  for  the  concrete  with  the 
retarder  (mix  No.  2).  Recommendations  for 
the  amount  of  retarder  to  be  used  were  fur- 
nished by  the  manufacturers  of  22  of  the 
retarders  included  in  these  tests.  For  13 
retarders,  the  amount  recommended  was 
found  to  give  the  desired  retardation  of  2,2  to 
3  hours.  For  two  retarders,  80  percent  of  the 
recommended  amount  was  found  to  be 
sufficient,  and  for  three  other  retarders,  120 
to  125  percent  of  the  recommended  amount 
was  needed.  For  the  other  4  retarders,  150 
to  500  percent  of  the  recommended  amount 
was  required  to  obtain  an  effective  amount  of 
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retardation.  These  4  were  retarders  Xos.  2, 
6,  22,  and  23.  Except  for  sample  No.  6,  these 
retarders  were  lignosulfonates. 

The  500  p.s.i.  penetration  pressure  of  the 
Proctor  test  is  believed  to  indicate  the 
initial  setting  of  the  mortar  used.  At  the 
initial  setting,  however,  the  mortar  could  still 
be  remolded  without  injury  to  its  strength. 
When  determinations  were  made  using  a 
penetration  pressure  of  4,000  p.s.i.,  a  condition 
at  or  near  the  final  setting  of  the  mortar  was 
indicated.  Attempts  to  rework  the  mortar  at 
that  time  resulted  in  its  disruption.  In  the 
pin  pullout  test,  no  attempt  was  made  to 
define   or   determine    the   setting   time   of  the 


concrete.  Conducted  under  defined  coi 
lion-,  the  (est  was  intended  to  permit  com- 
parisons of  (he  rales  of  hardening  of  different 
concretes.  The  comparison  of  typical  retar- 
dation values  for  the  Proctor  penetration  and 
pin  pullout  tests,  shown  in  figure  3,  indicated 
that  a  500  p.s.i.  penetration  corresponds  to  a 
pin  pullout  load  of  2}i  to  2%  p.s.i.  However, 
the  ranges  of  values  shown  in  figure  t  indicated 
that  for  the  concretes  used  in  these  tots, 
the  Proctor  penetration  test  with  either  of  the 
loads  used  appeared  to  be  more  suitable 
for  measuring  setting  time  and  retardation 
than  the  pin  pullout  test.  The  wide  range  of 
values  for  the  pin  pullout  test  and  lack  of  a 
definite  central  point  indicated  that  the  test 
result  probably  was  affected  by  uncontrolled 
variables  to  a  greater  extent  than  the  Proctor 
penetration  test. 

Effect  of  Retarders  in  Concrete 

Table  5  shows  the  amount  of  Vinsol  resin 
solution  (air  entraining  agent)  used  in  con- 
cretes for  mixes  Xos.  2  and  3  for  strength 
tests  at  73°  F.  and  the  resulting  water  and 
air  contents  of  the  concrete.  (The  retarders 
generally  were  given  their  identification 
numbers  in  ascending  order  of  the  reduction  in 
wafer  requirements  for  mix  No.  2.  The 
exception  is  retarder  No.  12  which  is  slightly 
out  of  place  in  the  table.)  The  detailed  data 
for  the  reference  mix  (No.  1)  are  not  tabulated 
for  results  on  each  retarded  concrete  mix,  but 
the  average  values  for  all  reference  mixes  are 
given  in  a  footnote.  The  values  given  in 
table  5  are  averages  of  five  rounds  of  tests. 

The  reduction  in  water  content  shown  for 
mix  No.  2  is  the  difference  between  the  amount 
of  water  used  for  mix  No.  1  and  mix  No.  2 
made  on  the  same  day.  This  is  shown  as  a 
percentage  of  the  amount  of  water  used  for 

(Continued  on  page  11,2) 


Table  4. — Retardation  time  for  concrete  mix  No.  2  at  73°  F.1 


Eetarder  No. 

Amount 

retarder 

used 

Air  2 

Slump 

Proctor  penetration 
test,3  retardation  at— 

Pin  pull- 
out  test, 
retardation 
at  8  p.s.i.4 

500  p.s.i.4 

4,000  p.s.i. i 

1 

Oz./bug 
1.1 
14.4 
4.0 
3.0 
4.0 

4.0 
3.5 
12.0 
2.8 
3.2 

4.8 
4.0 
4.8 
5.0 
4.0 

4.8 
3.2 
4.0 
4.0 
9.0 

9.0 
4.11 
0.  4 
9.0 
4.0 

Percent 

5.0 
5.0 
6.1 
5.4 
5.4 

5.7 
5.0 

0.  3 
I'..  II 
0.  2 

5.4 
5.2 
5.4 
4.3 
7.5 

6.2 
5.5 
5.0 
5.5 
5.0 

6.  t 

10.0 
7.0 
5.4 
7.0 

Inches 
2  ii 
2.5 
3.0 
3.2 
3.  1 

3.2 
2.7 
3.2 

2.8 
2.  0 

3.0 
3.0 

3.0 
3.3 
3.0 

3.0 
2.6 
2.8 
2.8 
2.2 

3.5 
2.6 

3.11 
2.4 
2.8 

Ilr.  Mm. 
2:50 
2:30 
2:15 
2:30 
2:40 

2:20 
2:45 
2:50 

2:311 
2:30 

2:50 
2:50 

2:20 
2 :  41 1 
2:35 

2:50 
2:50 
2:2(1 
2:4H 
2:25 

2:30 
2:30 
2:40 
2:40 
2:35 

Hr.  Mm. 
2:45 
2:10 
2:35 
2:30 
2:20 

2:15 
2:40 

3:lll) 
2:35 
2:45 

2:30 
2:50 
2.30 
2:45 

3:00 

3:|||) 
2:00 
3:00 
2:30 

2:4!) 

2:31) 
2:10 
2  25 
2:35 

Hr.  Min. 
2:111 
2:20 
2:30 
2:55 
1 :  25 

2:31) 
3:0(1 

2:15 

2:211 

2:50 

2:1)5 
2:15 
2:  10 
1:55 

1:5(1 
2:21) 
1:00 
2:05 
2:35 

2:10 
1:5(1 
1:40 
1  .  55 
1:30 

2.     .   — 

3        

4              _   

5 

6  .     -.- 

8        

9          -..   _- 

10 

11 _ 

12            _--   

13              -   

14      ._   ___   _.     

15      - 

16      - 

17      __ 

18      . 

19      .      -_ 

20            

21              

22                --- 

23                 ---   -- 

24                 -.- 

25                 -   ...           -   

i  Each  value  is  an  average  of  2  tests  made  on  different  days. 

2  Neutralized  vinsol  resin  solution  used  when  needed. 

'  A  load  of  500  p.s.i.  indicates  the  vibration  limit  of  the  concrete;  a  load  of  4,000  p.s.i.  indicates  hardened  conci  ete  Re- 
tardation is  the  delay  in  time  of  hardening  of  the  concrete  containing  the  retarders  as  compared  with  non-retarded  concrete 
made  on  the  same  day.  ,  .  . 

*  Time  for  nonretarded  concrete  to  reach:  Proctor  penetration  load  of  500  p.s.i.  is  5  hrs.  10  mm.  (±20  mm);  Proctoi  pen- 
etration load  of  4,000p.s.i.  is  7  hrs.  35  min.  (±30  min.);  pinpuiloutloadof  8  p.s.i.  is  6  hrs.  40  min.  (±20  min.). 
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5TATE 

LEGAL 

MAXIMUM  LIMITS  OF  MOTOR  VEHIiJ 

Prepared  by  ||| 

Length-feet2 

Number  of  towed 

units3 

Axle  load-pounds 

Single   unit 

Truck 
tractor 

Semi- 
trailer 

Single 

Tandem 

" 

Um 

State 

Width 

Height 
ft.-ln. 

Other 

Semi- 

Full 

Including 

Including 

inches' 

Truck 

Bus 

semi- 

combi- 

trailer 

trailer 

and  full 

Statutory 

statutory 

'  Stotutory 

statutory 

Type  of  restri  a 

nation 

limit 

enforcement 

limit 

enforcement 

trailer 

trailer 

tolerance 

tolerance 

1 

Alabama 

96 

6  12-6 

35 

40 

50 

NP 

NP 

NP 

IR.OOO 

19,800 

36,000 

39,600 

Table 

2 

Alaska 

96 

12-6 

35 

"40 

60 

60 

2 

18,000 

32,000 

Table-tire  cap 

3 

Ariiono 

96 

13-6 

40 

40 

65 

65 

2 

18,000 

32,000 

!  Table 

4 

Arkansas 

96 

13-6 

35 

40 

50 

50 

NP 

18,000 

'18,500 

32,000 

32,  500  |  Spec,  maximum 

5 

California 

96 

13-6 

35 

«35 

60 

65 

NR 

NR 

NR 

18,000 

32,000 

Table 

6 

Colorado 

"96 

12  13-6 

35 

40 

60 

60 

2 

18,000 

36,000 

Formula-spec,    rs 

7 

Connecticut 

102 

12-6 

50 

50 

50 

NP 

NP 

NP 

22,400 

22,848 

36,000 

36,720 

Spec,  lim.-tire  • 
Table-spec,  tin  ,J 

8 

Delaware 

96 

6  12-6 

40 

42 

50 

60 

2 

20,000 

36,000 

9 

District  of  Columbia 

96 

12-6 

35 

35 

50 

80 

NP 

22,000 

38,000 

Table 

10 

Florida 

96 

6  12-6 

"  35 

40 

50 

50 

NP 

20,000 

22,000 

40,000 

44,000 

Table 

11 

Georgia 

96 

13-6 

l5+39 

15+45 

50 

50 

NP 

18,000 

20,340 

36,000 

40,680 

Spec,  maximum 

12 

Hawaii 

108 

13-0 

40 

lo40 

55 

65 

2 

24,000 

32,000 

Formula    7 

13 

Idaho 

,896 

14-0 

35 

"40 

60 

65 

2 

20  18,000 

20  32,  000 

Table20 

14 

Illinois 

96 

13-6 

42 

42 

50 

50 

2 

21  18,000 

32,000 

Spec,  lim.-tire  < 

IS 

India  no 

96 

13-6 

36 

40 

50 

50 

2 

23 18,000 

23  19,000 

23  32,000 

23  33,000 

Spec,  lim.-tire 

16 

Iowa 

96 

13-6 

35 

"40 

50 

NP 

24  l 

NP 

18,000 

18,540 

32,000 

32,960 

Table 

17 

Kansas 

96 

13-6 

35 

"40 

50 

50 

NP 

18,000 

32,000 

Table 

18 

Kentucky 

96 

"13-6 

"35 

"35 

27J0 

NP 

NP 

NP 

18,000 

28  18,900 

32,000 

28  33, 600 

Spec,  lim.-tire  >  .2I| 

19 

Louisiana 

96 

13-6 

35 

"40 

50 

60 

NP 

18,000 

32,000 

Axle  lim.-tire  c 

20 

Maine 

96 

30  12-6 

50 

50 

50 

50 

NP 

3022,000 

30  32,000 

Table-tire  cap. 

21 

Maryland 

96 

*-4512-6 

55 

55 

55 

55 

NR 

NR 

NR 

22,400 

40,000 

Formulo 

22 

Massachusetts 

96 

NR 

35 

"40 

31  50 

NP 

NP 

NP 

22,  400 

36,000 

Table-spec.  1  si 

23 

Michigan 

96 

13-6 

35 

40 

55 

55 

2 

33  18,000 

3432,000 

Axle  lim.-tire  i. 

24 

Minnesota 

96 

13-6 

40 

40 

50 

50 

NP 

18,000 

32,000 

Table 

25 

Mississippi 

96 

"12-6 

35 

40 

36  50 

50 

NP 

18,000 

28,  650 

35  32,  000 

Table-tire  car. 

26 

Missouri 

96 

12-6 

35 

40 

50 

50 

2 

18,000 

32,000 

Table 

27 

Montana 

18  96 

13-6 

35 

40 

60 

60 

372 

18,000 

32,000 

Table 

28 

Nebraska 

96 

13-6 

40 

40 

60 

60 

2 

18,000 

18,900 

32,000 

33,600 

Table 

29 

Nevada 

96 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

18,000 

1 8,  900 

32,000 

33,600 

Table 

30 

New  Hampshire 

96 

13-6 

35 

35  40 

50 

50 

NR 

NR 

NR 

22,400 

36,000 

Tables-spec,   its 

31 

New  Jersey 

96 

13-6 

35 

3»35 

50 

40  50 

NP 

22,400 

23,  520 

32,  000 

33,600 

Spec,  limits 

32 

New  Mexico 

•'96 

13-6 

40 

40 

65 

65 

2 

21,600 

34,320 

Table 

33 

New  York 

96 

130 

35 

"35 

50 

50 

NP 

22,400 

36,000 

Formula 

34 

North  Carolina 

96 

*  12-6 

35 

"40 

43  50 

43  55 

NP 

18,000 

19,000 

36,000 

38,  000 

Spec,  limits 

35 

North  Dakota 

96 

13-6 

'♦35 

"40 

60 

60 

2 

18,000 

32,000 

Formula 

36 

Ohio 

96 

13-6 

35 

"40 

50 

60 

NR 

NR 

19,000 

31,500 

Formula 

37 

Oklahoma 

96 

13-6 

35 

4S 

50 

50 

NP 

18.000 

32.000 

Table 

37 

Oregon 

96 

♦5 13-6 

35 

35  40 

46. 35  55 

35  65 

352 

47  18,000 

47  32,000 

Table*8 

38 

Pennsylvania 

96 

*  12-6 

35 

"40 

50 

40  so 

NP 

22,400 

23,  072 

36,000 

37,080 

Spec,  limits4      1 

39 

Puerto  Rico 

96 

12-6 

35 

35 

50 

50 

NP 

NS 

NS 

Spec,  lim.-tire  \M 

40 

Rhode  Island 

102 

12-6 

40 

40 

50 

50 

NP 

22,400 

NS 

Spec,  limits 

42 

South  Carolina 

96 

13-6 

u  35 

"40 

55 

60 

NP 

20,000 

32,000 

Table 

43 

South  Dakota 

96 

13-0 

35 

40 

50 

60 

2 

18.000 

32,000 

Table 

44 

Tennessee 

96 

*  12-6 

35 

40 

50 

50 

53  1 

NP 

18,000 

32,000 

Table 

45 

Texas 

96 

13-6 

35 

40 

50 

50 

NP 

18,000 

18,900 

32,000 

33,600 

Table 

46 

Utah 

96 

14-0 

45 

45 

60 

60 

NR 

NR 

NR 

18,000 

33,000 

Table 

47 

Vermont 

96 

12-6 

50 

50 

50 

50 

NP 

NS 

NS 

Spec,  lim.-tin  p. 
Table 

48 

Virginia 

96 

6  12-6 

35 

"40 

50 

50 

NP 

18,000 

S7  32,000 

49 

Washington 

96 

13-6 

35 

"40 

60 

58  65 

SD2 

18,000 

"18,500 

32,000 

59  33,  000 

Table-spec.  1.' 

50 

West  Virginia 

96 

6  12-6 

35 

"40 

50 

50 

NP 

18,000 

18,900 

32,000 

33,600 

Table 

51 

Wisconsin 

96 

13-6 

35 

40 

50 

50 

NP 

18,000 

60  19,500 

30,400 

32,000 

Table- formula 

52 

Wyoming 

96 

13-6 

40 

40 

60 

60 

2 

1  8,  000 

32,000 

62  36.000 

Table 

AASHO  Policy 

96 

12-6 

35 

iv^ 

50 

60 

NP 

18,000 

32, 000 

Table 

f     Higher 

3 

33 

17 

28 

18 

9 

24 

31 

30 

Formula 

Number  of  Stares    (     Some 

49 

19 

35 

19 

34 

12 

47 

41 

28 

21 

21 

Table 

(    Lower 

0 

0 

0 

5 

0 

31 

0 

0 

0 

1 

Specified  lip.   i 

NP— Not  permitted.                              NR-Not  restricted.                              NS-f 

lot  specified. 

14  Three-axle  vehicles  40  feet. 

Various  exceptions  for  farm  and  construction  equipment;  public  utility  ve 

bides;  house   trailers;  urban,  subi 

rban,  and  $ 

cfiool 

15  Truck  39.55  feet;  bus  45.20  feet. 

buses;  haulage  of  agricultural  and  forest  products;  at  wheels  of  vehicles;  for  s 

jfety  accessories,  on  designated  h 

ighways,  a 

nd  as 

'  6 63,280  pounds  maximum,  except  on  roads  under  i 

administratively  authorised. 

1  "700  (L  +40)  when  L  is  18'  or  less;  800  (L+40)  n 

3  Various  exceptions  for  utility  vehicles  and  loads,  house  trailers  ond  mob 

ile  homes. 

with  spon  of  20'  or  over. 

3  When  not  specified,  limited  to  number  possible  in  practical  combinations 

within  permitted  length  limits;  var 

ous  excep' 

ions 

18Buses  102  inches  on  highways  of  surfaced  wid  t 

for  farm  tractors,  mobile  homes, etc. 

"Less  than  three  axles  35  feet. 

4  Legally  specified  or  established  by  administrative  regulation. 

1  Special   limits  for  vehicles  houling  timber  ond     t 

Computed  under  the  following  conditions  to  permit  comparison  on  a  unifo 

rm  basis  between  States  with  diffe 

rent  types 

>f 

including  livestock;  single  axle  18,900  pounds,  tonda'l 

regulation: 

milled  66,000  pounds  maximum  at  21-foot  axle  spacir.'S 

A.    Front  oxle  load  of  8,000  pounds. 

foot  axle  spocing. 

B.    Maximum  practical  wheelbase  within  applicable  length  limits: 

21  On  designated  highways;   16,000  pounds  on  othi  iflh 

(1)    Minimum  front  overhang  of  3  feet. 

22Without  tandem  oxles  45,000  pounds. 

(2)    In  the  case  of  a  4-oxle  truck-troctor  semitrailer,  rear  overhon 

g  computed  as  necessory  to  distril 

ute  the  ma 

(imum 

23  On  designated  highways;  single  oxle  22,400  po'5,4; 

possible  uniform  load  on  the  maximum  permitted  length  of  semitrailer  to  the  sin 

gle  drive-axle  of  the  tractor  ond  tc 

the  tender 

1 

excesses  of  weight  under  one  or  more  limitations  of  c    U4 

oxles  of  the  semitrailer,  within  the  permitted  load  limits  of  each. 

24  Limited  to  4  wheel  trailer  towed  by  truck  not  ex  die) 

(3)    In  the  cose  of  a  combination  having  5  or  more  axles,  minimun 

l  possible  combined  front  and  rear 

overhang  a 

s- 

"Closs  AA  highways;  12  feet  6  inches  on  other  hex) 

sumed  to  be  5  feet,  with  maximum  practical  load  on  maximum  permitted  length  c 

f  semitrailer,  subject  to  control  ol 

loading  on 

axle 

'On  designated  highways;  trucks  26.5  feet  and  1  '■  J 

groups  and  on  total  wheelbase  as  applicable. 

27  Class  AA  highways;  45  feet  on  other  highways. 

C.    Including  statutory  enforcement  tolerances  as  applicable. 

28Closs  AA  highways  only. 

Auto  transports  13  feet  6  inches. 

"Maximum  gross  weight  on  Class  A  highways  42  3 

Does  not  apply  to  combinations  of  adjacent  load. carrying  single  oxles. 

30  Including  lood  14  feet;  vorious  exceptions  for  **c 

56,000  pounds  on  load-carrying  axles,  exclusive  of  steering-axle  load. 

31  Effective  September  21,  1959. 

On  specific  routes  in  urban  or  suburban  service  under  special  permit  fron 

i  P.U.C.  40  feet,  olsa  3-axle  buse 

i  with  turni 

ng 

32  Subject  to  axle  ond  tabular  limits. 

radius  less  than  45  feet  without  restriction. 

33  Single  axle  spaced  less  than  9  feet  horn  nearer* 

'"Effective  September  18,  1959  on  Interstate,  4-lone,  and  designated  State 

highways. 

34  On  designated  highways  only  and  limited  to  oni  "•* 

"Buses  102  Inches. 

'On  designated  highways  only  (by  permit  in  Or*  ). 

I20n  designated  highways;  12  feet  6  Inches  on  other  highways. 

1  6  Auto  transports  permitted  50  feet. 

'legal  limit  60,000  pounds,  axle  spacing  27  feet  or  more. 

37Semitrailer  and  semitrailer  converted  to  full  tro 
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Figure  I. — Time  distribution  of  retardation. 

(Continued  from  page  139) 

mix  No.  1.  A  comparison  between  this 
reduction  in  water  content  and  the  amount  of 
retarder  used  for  mix  No.  2  is  shown  in 
figure  5.  It  was  noted  that  some  retarders 
were  much  more  effective  in  permitting  a 
reduction  in  the  amount  of  water  required  to 
obtain  concrete  of  a  given  slump.  A  com- 
parison between  the  amount  of  reduction  in 
water  and  the  amount  of  retarder  used  per  bag 
of  cement  showed  that  retarder  No.  25  was 


the  most  effective  and  retarder  No.  2  was  the 
least  effective.  These  retarders  reduced  the 
water  required  for  mix  No.  2  by  2.9  percent 
and  0.2  percent,  respectively,  per  ounce  of 
retarder  used  per  bag  of  cement.  The 
amount  of  volatile  organic  material  used  is 
shown  in  table  1  and  figure  5.  For  the 
lignosulfonates  this  amount  was  between  two 
and  four  ounces  per  bag  except  for  retarders 
Nos.  2  and  24.  Of  the  9  most  effective  re- 
tarders with  respect  to  reduction  in  water,  all 
were  lignosulfonates  except  for  1  organic  acid. 

Water  content 

The  concretes  of  mix  No.  3  were  prepared 
with  cement  contents  reduced  in  accordance 
with  the  amount  of  reduction  in  water  found 
possible  for  mix  No.  2,  the  objective  being  to 
have  the  same  water  content  in  mix  No.  3  as  in 
mix  No.  1.  For  retarders  which  permitted 
a  reduction  in  water  of  5  percent  or  less  in 
mix  No.  2,  the  cement  content  for  mix  No.  3 
was  reduced  0.25  bag  per  cubic  yard.  (This 
is  designated  as  group  A  in  table  3.)  For 
retarders  which  permitted  a  reduction  of  water 
of  over  5  percent  but  less  than  10  percent,  the 
cement  content  for  mix  No.  3  was  reduced 
0.5  bag  per  cubic  yard  (group  B  in  table  3). 
For  retarders  permitting  a  reduction  in  water 
of  10  percent  or  more,  the  cement  content  was 
reduced  0.75  bag  per  cubic  yard  (group  C). 
It  was  found  that,  due  to  uncontrollable 
variables,  it  was  not  possible  to  prepare  all 
batches  of  concrete  with  these  exact  cement 
contents,  and  at  the  same  time  maintain  a 
slump  of  2.8  ±  0.3  inches  and  use  the  same 
amount  of  water  in  mix  No.  3  as  was  used  in 
the  reference  mix.  To  hold  the  cement  con- 
tent and  slump  as  close  as  possible  to  the 
desired  values,  slight  variations  in  the  water 
content  were  permitted.  For  18  of  the  25 
retarders,  the  water  contents  were  within  0.1 
gallon  per  bag  of  cement  of  the  desired  values, 
and  in  only  one  case  (sample  No.  23)  did  the 

Table  5. — Mix  data  for  strength  tests  ' 


actual  water  content  and  the  desired  contenl 
differ  by  more  than  0.2  gallon  per  bag.  Ir 
view  of  these  small  differences,  mix  No. 
was  considered  to  have  the  same  water  content 
as  the  reference  mix. 

Air  entraining  agent 

The  amount  of  Vinsol  resin  solution  re- 
quired to  entrain  5  to  6  percent  air  in  the  mix 
No.  2  concrete  prepared  with  an  organic  acid 
retarder  (Nos.  4,  5,  6,  8,  or  9)  was  approxi- 
mately two-thirds  of  that  used  in  the  reference 
mix.  The  water  reduction  caused  by  the  five 
organic  acid  retarders  varied  from  5.3  to  6.6 
percent.  The  amount  of  air-entraining  solu 
tion  used  in  the  mix  No.  3  concrete  with  a) 
decreased  cement  content  of  }i  to  %  of  a  bag| 
per  cubic  yard  was  approximately  the  same  as 
the  quantity  needed  for  mix  No.  2.  Although! 
experience  has  shown  that  the  organic  acid 
retarders  cause  no  air  entrainment  in  concrete, 
these  data  indicate  that  they  aid  air  entrain 
ment  and  permit  a  moderate  reduction  in 
water  content  when  used  at  the  rate  of  2.8 
to  12  ounces  per  bag  of  cement. 

The  concrete  prepared  with  each  of  the 
lignosulfonate  retarders  showed  a  wide  range, 
2.8  to  11.8  percent,  in  water  reduction.  The 
reduction  of  2.8  percent  was  obtained  by  use 
of  a  powdered  lignosulfonate  which  contained 
over  95  percent  of  an  inorganic  filler.  Two 
lignosulfonates  permitted  reductions  of  5.2 
and  5.9  percent,  respectively;  12  permitted 
reductions  of  7  to  10  percent;  and  4  permitted 
reductions  of  10  to  12  percent.  It  should  be 
noted  that  in  retarder  samples  Nos.  1  and  2, 
although  the  water  reduction  for  concrete  was 
lower  than  is  usually  specified,  satisfactory 
retardation  was  obtained. 

Air  content 

The  effect  of  each  of  the  25  retarders  on  air 
content  of  concrete  and  the  amount  of  air- 
entraining  admixture  used  is  shown  in  figure  6 


Retarder  No. 


1_ 
2 
3 

I 
5. 

6. 
7. 
8. 
9. 
10 

11 
12 
13 

II 
15 

16 

17 
18 
111 
20 

21 
22 
23. 

-'I 
25 


\\  iter  Foi 

mix  No.  1 2 


Oal.lbag 
5.75 
5.  77 
5.  79 
5.  si 
5.74 

5  s: 
5,  76 
5  7s 
5.  Ill 
5.86 

5.71 
5  86 
5.  77 
5.  67 
5.  73 

5.  07 
5.  79 
5.  77 
5.  7-1 
5.86 

.V  84 
5.  80 
5.75 
5.78 
5.76 


Mix  No.  2— same  cement  content  as  mix  No.  1 


AEA 
added 


Ml.lhrta 
17.  1 
16.  2 

~"i3.T" 

11.5 

15.  1 

8.3 
15.8 
14.5 

9.4 

3.7 

2.5 
2.  6 
2.2 


4.4 
11.5 
4.5 

7.2 


4.0 


Cement 


Bngslcu.  yd 
6.0 
6.0 
0.0 
6.0 
6.0 

6.0 
6.0 
6.0 
6.0 

6.  (I 

6.0 

6.0 
6.  o 
6.0 

0.0 

6.0 
6.0 
6.0 

6. 1) 
6.0 

6.0 
6.0 
6.  1 
6.0 
6.0 


Slump 


Inches 
2.  8 
2.  6 
3.1 
2.9 
3.1 


2.0 
2.9 
3.0 

2.7 
2.  0 

2.7 
3.0 
3.0 


2.7 
2.5 
2.8 

2.7 
3.2 
2.6 

2.6 


Air 


/ ',  ret  ill 
5.0 
5.2 
5.9 
5.7 
5.5 

5.4 
5.4 
5.5 
5.2 
5.4 

5.7 
5.4 
5.7 
5.7 
0.8 

6.1 
5.5 
5.6 
5.7 
5.3 

5.7 
10.0 
5.8 
5.9 
7.6 


Water 


Gal.lbng 
5.  09 
5.  61 
5.49 
5.  50 
5.41 

5.  53 

5.42 
5.43* 
5.  52 
5.44 

5.29 
5.37 
5.30 
5.21 
5.26 

5.20 
5.31 
5.27 
5.  24 
5.30 

5.27 
5.22 
5.15 
5.13 
5.08 


Redaction 
in  water  3 


Percent 
1.1 
2.8 
5.2 
5.3 
5.7 

5.8 
5.9 
0.1 
6.6 


7.4 
8.4 
8.1 
8.1 
8.2 

8.3 
8.3 

8.7 
8.7 
9.6 

9.8 
10.0 
10.4 
11.2 
11.8 


Mix  No.  3 — same  water  content  as  mix  No.  1 


AEA 
added 


Ml.lbng 
19.0 
18.0 

~"l4.~5~~ 
12.3 

16.  4 

9.2 
14.7 
16.6 

8.6 

4.1 

"TIT" 


3.7 
11.3 

14 
6.4 
1.8 


Cement 


Bigslcu.  tid. 
5.7 
5.7 
5.5 
5.4 
5.5 

5.5 
5.5 
5.5 
5.5 
5.6 

5.5 
5.5 
5.5 


5.5 
5.5 
5.5 
5.5 
5.5 

5.5 
5.2 
5.3 
5.2 
5.2 


Slump 


Inches 
2.7 
2.9 
2.8 
2.8 
2.7 

2.9 
2.0 
2.8 
2.  6 
2.7 


2.7 
2.  6 
2.7 
2.8 


2.9 
2.6 
2.6 

2.6 

2.0 
3.1 
2.6 
2.6 


Air 


Percent 
5.6 
5.6 
5.6 
5.8 
5.8 

5.9 
5.5 
5.6 
5.7 
5.1 

5.5 
5.6 
5.7 
5.8 
7.0 

5.8 
5.5 
5.7 
5.4 
5.5 

5.7 
10.0 
5.4 
5.8 
9.5 


Water 


(Silt    h  ill 

5.89 
5.93 
5.89 
6.01 
5.81 

0.03 
5.84 

5.88 
6  in 
5.76 

5.71 
5.87 
5.75 

5.72 
5.67 

5.74 
5.81 
5.75 
5.78 
5.81 

5.72 
5.88 
0.03 
5.86 
5.72 


'  Each  value  is  an  average  of  five  tests  made  on  different  days.  Amount  of  retarder  used 
is  the  same  amount  as  shown  in  table  4. 

-  Water  content  for  mix  No.  1  is  water  used  in  reference  mix  made  on  same  day  as  retarded 
concrete  mixes.    Average  values  for  mix  No.  1  are:  air-entraining  agent  (AEA)  added,  20 
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ml. /bag;  cement,  6.0  bags/  cu.  yd.;  slump,  2.9  inches:  air,  5.4  percent. 

3  Average  reduction  in  water-cement  ratio  as  compared  with  that  required  for  the  referenci 
mix  made  on  the  same  day. 
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Seven  of  the  19  lignosulfonate  retarders, 
without  the  use  of  an  air-entraining  solution, 
>nt  rained  more  than  5  percent  of  air  in  the 
:oncrete.  Three  of  these  retarders  caused  air 
lontent  of  about  6  percent,  while  the  maxi- 
nuin  air  content,  10  percent  calculated 
jravimetrically,  was  obtained  for  the  concrete 
iontaining  retarder  No.  22. 

The  amount  of  air  entraining  solution 
leeded  with  each  of  the  other  12  lignosul- 
onates  to  entrain  5  to  6  percent  air  in  con- 
srete  mix  No.  2  varied  from  about  )i  to  '•>  of 
,he  quantity  used  in  the  reference  mix,  except 
n  the  case  of  retarder  No.  2.  The  powdered 
extender  and  the  small  amount  of  lignosul- 
onate  in  this  retarder  probably  accounted  for 
,he  larger  quantity  of  air-entraining  solution 

s  required. 

Retarder  No.  1,  sucrose  of  the  carbohydrate 
;roup,  caused  a  small  reduction  (1.1  percent) 
n  water  content  and  required  almost  as  much 

ijiir-entraining  solution  as  the  reference  mix. 

\Effect  of  Admixtures  on  Strength  of 
Concrete 

Compressive  strength  test  results 

The    results    of    the    compressive    strength 
tests  on  concrete  containing  the  25  retarders 
,,  ire  given  in  table  6.     Shown  are  the  averages 

15 


of  five  compressive  strength  tests  for  mixes 
Nos.  2  and  3  on  6-  by  12-inch  cylinders  made 
on  different  days  and  tested  at  3,  7,  28,  and 
365  days,  and  the  ratios  of  these  strengths  to 
the  average  strengths  of  concrete  without 
retarder  (mix  No.  1)  made  and  tested  on  the 
same  day  as  the  concrete  containing  the 
retarder. 

Average  values  for  the  compressive  strength 
of  all  concretes  prepared  with  and  without 
the  retarders  are  shown  in  figure  7.  The 
curves  show  that  both  mix  No.  2,  with  a 
reduced  water  content,  and  mix  No.  3,  with 
a  reduced  cement,  content,  furnished  higher 
average  compressive  strengths  at  all  ages  than 
was  obtained  without  the  use  of  retarders. 
This  increase  in  compressive  strength  might 
be  considered  a  secondary  benefit  obtained 
by  the  use  of  retarders,  but  it  was  a  real 
and  definite  improvement  in  the  character- 
istics of  concrete. 

As  shown  in  table  6,  all  retarders  except 
Nos.  22  and  25  furnished  concrete  of  equal  or 
higher  strength  at  all  ages  than  was  obtained 
in  the  nonretarded  concrete.  Retarder  No.  22 
caused  the  entrainmen!  of  an  excessive  amount 
of  air,  and  the  strength  suffered  accordingly. 
Retarder  No.  25  gave  good  results  when  used 
in  mix  No.  2  with  a  reduced  water  content. 
However,  when  used  in  mix  No.  3  where  the 


cement  content  was  reduced,  the  concrete  con- 
taining this  retarder  had  lower  strengths  at  all 
ages  than  the  reference'  concrete.  Retarder 
No.  25  also  caused  I  lie  entrainment  of  an  exces- 
sive amount  of  air  in  mix  No.  3.  Study  of  the 
strengths  obtained  at  all  ages  failed  to  show 
that  any  type  of  retarder  gave  better  results 
than  any  o1  her  type. 

Flexural  strength  test  results 

The  results  of  i  he  flexural  strengt  h  tests  for 
mixes  Nos.  2  and  3  are  given  in  table  7.  This 
table  gives  the  average  of  five  tests  on  the  (i- 
by  6-  by  21-inch  beams  made  on  different 
days  and  tested  at  ages  of  7  and  28  days. 
The  ratios  of  these  strengths  fco  the  strengths 
of  concrete  without  retarder  (mix  No.  1)  made 
and  tested  on  the  same  day  as  the  concrete 
containing  the  retarders  are  also  given. 

For  some  reason  which  was  not  apparent, 
the  use  of  retarders  failed  to  improve  the 
flexural  strength  of  concrete  to  the  same 
extent  as  was  found  for  the  compressive 
strength.  In  the  compression  tesls,  the 
average  strength  of  the  reference  mix  concrete 
was  5,040  p.s.i.  at  an  age  of  28  days.  The 
average  strength  of  mix  No.  2  retarded  con- 
crete was  115  percent  of  this,  and  that  for 
mix  No.  3  was  104  percent.  In  the  tests  for 
flexural  strength,   the  reference  concrete  had 


Q 

UJ 
CO 

01 

UJ  o 
o  < 


Qj 


.       UJ 

UJ     Q_ 

or 

CO 

U_     QJ 

o  o 

z 

I-  => 

2  O 

3 

o 


0 
15 


tr 

UJ 

< 
5 


u.t 


UJ 

o 

rr 

UJ 

a. 


n 


^ 


NOT       LIGNOSULFONATES 


1 


/. 


I 


V 


0 


TOTA  L      MATER  IA  L 

VOLATILE        ORGANIC 
PORTION 


■a 


1 


I 


I 


i 


f/  7 

V  V 

V  / 


I 


I 


?. 


mi 


i 


1-2J2 


5       6      7       8      9      10     II     12     13     14      15    16 
RETARDER    NUMBER 

Figure  5. — Amount  of  retarder  used  and  effect  on  water  content. 


20   21     22    23    24  25 


UBLIC  ROADS  •  Vol.  31,  No.  6 


143 


20 


P? 


in  ^ 


>5 


5    / 


oH 


^|» MIX    NO 

15  HB* 

^     >      / 

io  / -o 


KM 


A 


r 


z 


kl 


&ti 


/ 


m 


*  ^ 


1 


1 


a 


h 


-*-* 


H 


Ha^^ 


I 


klE 


«M 


Fig, 

an  average  strength  of  740  p.s.i.  after  28  days, 
and  mixes  2  and  3  of  retarded  concretes  had 
average  strengths  of  104  and  97  percent, 
respectively,  of  the  reference  mix  strength. 
It  will  be  noted,  however,  that  the  ratio  of 
the  values  of  mixes  Nos.  2  and  3  for  compres- 
sive strength,  115  against  104,  was  practically 
the  same  as  the  ratio  of  values  for  llexural 
strength,  104  against  97.  Consequently,  it 
can  be  assumed  that  the  results  of  the  two 
sets  of  strength  tests  were  valid  and  that  the 
use  of  a  retarder  furnished  concrete  of  lower 
relative  fle.xural  strength  than  compressive 
.-I  rengl  h. 

Studies  of  the  different  groups  of  retard'  rs 
show  that  concretes  prepared  with  the  calcium 
lignosulfonate     retarder     had     lower     llexural 
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ire  6. — Effect  of  retarder  on  air  content  of  mix  No.  2. 
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strength  than  those  prepared  with  the  carbo- 
hydrate, the  ammonium  and  sodium  ligno- 
sulfonates,  and  the  organic  acids.  No  explan- 
ation can  be  given  for  this,  nor  for  the  behavior 
of  concrete  prepared  with  retarder  No.  22. 
In  the  compression  tests,  concrete  containing 
this  retarder  had  the  lowest  strength,  most 
likely  due  to  the  large  amount  of  air  entrained. 
In  t  lie  tle.xural  tests,  this  concrete  had  strengths 
lower  than  those  of  the  reference  concrete  but 
with  respect  to  the  other  retarded  concretes, 
the  strengths  were  reduced  but  slightly.  It 
appears  probable  that  in  the  acceptance  test- 
ing of  retarders,  consideration  should  be  given 
to  the  behavior  of  individual  retarders  and 
not  assume  that  all  retarders  of  a  given  type 
will  affect  concrete  in  the  same  manner. 

Table  6. — Compressive  strength  tests  ' 
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In  figure  8,  average  values  of  the  effect  o 
all  retarders  on  the  flexural  strength  o  i 
concrete  are  shown.  These  data  are  takei 
from  two  sets  of  specimens.  The  tests  a 
ages  of  7  and  28  days  were  made  on  6-  bj 
6-  by  21-inch  beams  and  the  results  obtainec 
are  shown  in  table  7.  When  these  result; 
were  studied,  it  was  observed  that  at  an  ag< 
of  28  days  the  average  strength  for  the 
reference  mix  was  greater  than  that  for  mi: 
No.  3,  and  was  approaching  the  strength  fo 
mix  No.  2.  A  determination  of  the  relativi  : 
strengths  of  these  concretes  at  greater  age: 
was  believed  desirable. 

As  no  other  beams  of  C-  by  6-inch  crosi 
section  were  available,  plans  were  made  to- 
test  for  flexural  strength  by  using  the  3-  b}l 
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Retarder  No. 


Compressive  strength  for  mix  No.  2  - 


3  'lays 


P.s.i. 


Ratio 


7  'lavs 


P.s.i. 


Ratio 


28  days 


P.s.i. 


ICallo 


1  year 


P.s.i. 


Ratio 


Compressive  strength  for  mix  No.  3  2 


3  days 


P.s.i. 


Ratio 


7  days 


P.s.i. 


Ratio 


28  days 


P.s.i. 


Ratio 


1  year 


P.s.i. 


Ratio 


'■:. 


h 


■.-■I 


ii 

12. 

13. 

It 

15. 

L6 
17. 
is 
19 
20 


21. 
22 
23 
24 
25 


2,910 
2,910 
2,910 
2,930 
3, 260 

2,910 

3.  OHO 
3.070 
3.  Olio 
3.000 

3,  340 

3,  200 
3,280 
2,940 

3,ooii 

3,240 
3,  150 
3,270 
3,280 
3,230 

3,200 
2,290 

3,  200 

3,4711 
2,010 


126 
123 

125 
121, 
132 

126 

122 
127 
130 
124 

140 
132 
133 
123 
120 

136 
128 
131 
133 
138 

132 

99 
Kill 
163 
129 


4.210 
3,980 
3,990 

4,430 
4,600 

4,290 
4,310 
4,370 
4,400 
4,340 


610 
560 
500 
330 
370 


4,  570 
4,430 
4.  500 
4,  490 
4,620 

4,440 

3,  300 

4,  500 
4,  580 
4,  160 


118 
no 
116 
125 
124 

124 
118 
123 
124 
121 

127 
128 
124 

119 
118 

125 
125 
120 
124 
131 

125 
93 
129 
130 

US 


5,700 
5,  370 
5,240 
5,900 
6,090 

5,  610 
5,720 

5,  SKI 

5,830 

5,  700 

6, 130 
5,910 
5,870 

5,  890 

5,610 

6,  100 

5, 900 
5,  860 
5,990 
6,110 

5,830 
4,520 
5,950 
6, 030 
5,  420 


115 
ins 
110 
120 
120 

US 
114 
114 
116 
116 

120 
122 
115 

117 
110 

121 
115 

112 
117 
122 

116 
91 

122 
121 
110 


6,520 
6,400 
6,890 

7,080 

6,740 
K,  890 
7,  200 
7.070 
7,090 

7,420 
7.  290 
7,240 
7.230 
7.020 

7,120 
7,220 
7,  050 
7,310 
7,470 

7,340 
5,550 
7,  410 
7,490 
6,  700 


114 
loo 
113 
117 
115 

il! 

119 
117 
116 

125 
123 
119 
120 
113 

118 
119 
113 
121 
123 

121 
94 
123 
125 
115 


2,700 
2,  620 
2,430 
2,410 
2,920 

2,480 
2,  080 
2, 640 
2,  000 
2.680 

2,910 

2.  530 
2.  770 
2.500 
2,550 

2,  740 
2,  520 
2,  880 
2,710 
2,830 

2,780 
1,830 
2,540 
3, 140 
2,140 


117 
111 
105 
103 
119 

107 
108 
109 
110 
111 

122 
103 
112 
105 
102 

115 

102 
116 

no 

121 

115 
79 
108 
136 
94 


3. 1150 
3.840 
3,460 
3.070 
4, 120 

3,800 
3,790 
3,800 
3,810 
4,020 

4, 150 
3.920 
3,830 
3,910 
3,940 

4.100 
3,800 
4,050 
3, 900 
4,110 

4,090 

2,  750 

3,  920 
4,010 
3,  280 


111 
106 

100 
112 
ill 

no 

104 
107 
107 
112 

114 
110 
105 
107 

107 

112 

107 
108 

107 
117 

115 

77 
109 
114 

93 


5,450 
5, 090 
5, 030 

:,.  ISO 

5,580 

5,160 
5,  420 
5.  370 
5,470 
5,390 

5,480 
5,  290 
5,  350 
5,330 
5,120 

:,,  ISO 
;,  JSO 
5,  120 
5, 400 
5,620 

5,550 

3,  940 
5,  ISO 
5,  280 

4,  460 


110 
102 
106 
105 
110 

109 

108 
105 
109 
108 

108 
109 
104 
106 
101 

109 
103 
104 
107 
113 

110 
79 
105 
106 
90 


6.  510 
6.070 

r,,  05(1 

6,180 
6,590 

6,130 
6,  500 
6,  520 
6,420 
6,640 

6,620 
6,  460 
6,  570 
0,300 
6,430 

6,  590 

,,,    111! 

6,470 
6,490 
6,930 

6,750 
4,740 
6,  360 
6,470 
5,390 


107 
102 
107 
105 
108 

107 
109 
107 
106 
108 

111 
10(1 
108 
104 
104 

109 
106 
104 
107 
115 

111 
80 
105 
108 
92 


. 

Ratio  represents  the  ratio  (expressed  in  percent)  of  the  strength  of  concrete  with  retardei    j 
;he  strength  of  the  concrete  without  retarder  made  on  the  same  day. 

■ 


i  Each  value  is  the  average  of  five  tests  made  on  five  different  days.    Amount  of  retarder 
used  is  the  same  amount  as  shown  in  table  4. 
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[-  by  16-inch  beams  which  were  used  for 
eference  purposes  in  volume  change  tests. 
rhese  beams,  representing  mixes  Nos.  1  and  2 
nly,  had  been  kept  continously  in  moist 
torage.  When  the  volume  change  tests  were 
jompleted,  these  beams  were  stored  in  water 
or  2  weeks  and  tested  for  flexural  strength  at 
tn  age  of  15  months.  The  results  obtained 
ire  included  in  table  7  and  figure  8. 

At  an  age  of  15  months,  the  flexural  strength 
>f  nonretarded  concrete  was  the  same  as  that 
>f  retarded  concrete  of  reduced  water  content. 
U,  greater  ages,  the  equality  in  flexural 
trength  of  nonretarded  concrete  and  retarded 
oncrete  of  reduced  water  content  might  be 
naintained. 
Vlodulus  of  elasticity 

The  results  of  tests  for  modulus  of  elasticity 
or  concretes  prepared  with  each  of  the  25 
etarders  are  not  shown  in  this  report  since 
ignificant  differences  were  not  generally 
btained.  However,  the  average  values 
ecorded  for  all  concretes  are  of  interest. 
or  the  reference  mix,  the  sonic  modulus 
ecorded  at  7  days  was  5.4  million  p.s.L,  and 
t  28  days,  5.9  million  p.s.i.  For  mix  No.  2, 
he   sonic   modulus   was   5.8   million   p.s.i.    at 

days  and  6.2  million  p.s.i.  at  28  days.  For 
nix  No.  3,  the  sonic  modulus  was  5.7  million 

s.i.  at  7  days  and  6.1  million  at  28  days. 

The  static  modulus  was  somewhat  lower  for 
he  three  concrete  mixes.  At  7  days,  it  was 
.0  million  p.s.i.  for  the  reference  mix,  5.4 
trillion  for  mix  No.  2,  and  5.0  million  for  mix 
■Jo.  3.  At  28  days,  the  static  moduli  for  the 
hree  mixes  were  5.6  million  p.s.i.,  6.0  million, 
nd  5.7  million,  respectively. 

The  sonic  moduli  for  the  retarded  concretes 
rere  from  3  to  6  percent  higher  than  those  for 
he  nonretarded  concrete.  The  static  moduli 
f  the  retarded  concretes  were  from  1  to  8 
ercent  higher  than  those  for  the  nonretarded 
oncretes,  but  the  average  static  modulus  for 
,11  retarded  concretes  was  7  percent  less  than 
he  average  of  the  sonic  values. 

In  general,  the  use  of  retarders  did  not 
fleet  adversely  the  modulus  of  elasticity  of 
oncrete  unless  an  excessive  amount  of  air  was 
ntrained.  Retarder  No.  22,  which  caused 
ntrainment  of  an  excessive  amount  of  air, 
reduced  concrete  having  sonic  and  static 
loduli  from  7  to  13  percent  lower  than  those 
)r  nonretarded  concrete. 
Iffect  of  an  elevated  temperature 

Tests  were  made  to  determine  the  effect  of 
n  elevated  temperature  on  the  properties  of 
oncrete  containing  each  of  the  retarders. 
'he  materials  used  were  stored  for  several 
ays  prior  to  mixing  at  90°  F.  The  concrete 
as  then  mixed  and  the  test  specimens  were 
ured  at  the  same  temperature;  the  specimens 
eing  cured  under  wet  burlap  for  24  hours,  and 
aen  stored  in  moist  air  at  73°  F.  until  tested. 

The  amount  of  retarder  necessary  to  give 
le  desired  retardation  (2\{  to  3  hours  as  meas- 
red  by  the  500  p.s.i.  Proctor  test)  was  deter- 
tined  and  the  results  are  given  in  table  8. 

was  found  that  at  90°  F.  more  retarder  per 
ag  of  cement  was  required  for  the  concretes 
Jntaining  19  of  the  retarders  than  for  similar 
oncretes  at  73°  F.  With  the  other  6  samples 
NTos.  14,  15,  16,  17,  20,  and  24,  all  lignosul- 
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Figure  7. — The  influence  of  retarders  on  compressive  strength  of  concrete;  average  values 

for  all  retarders. 


fonates)  the  same  amount  of  retarder  was  re- 
quired for  both  temperatures.  The  increase 
in  amount  used  for  the  19  retarders  varied 
from  105  percent  for  sample  No.  3,  to  175 
percent  for  sample  No.  6.  With  respect  to 
type  of  retarder,  the  change  in  temperature 
from  73°  to  90°  F.  required  an  increase  of  27 
percent  in  the  amount  of  the  carbohydrate, 
and  an  average  increase  of  14  percent  for 
lignosulfonates  and  48  percent  for  organic 
acid  retarders. 

Retarder  No.  5  caused  an  unusual  effect  on 
the  setting  or  stiffening  of  the  screened  mortar 
at  90°  F.  The  mortar  developed  a  firm  crust 
at  an  early  age  but  remained  soft  under  this 
crust  for  some  time.  When  a  Proctor  pene- 
tration pressure  of  500  p.s.i.  was  used,  this 
crust  caused  the  mortar  to  have  an  apparent 
retardation  time  of  only  1  hour  and  55  minutes. 
However,  higher  penetration  pressures  of  over 
500  p.s.i.  broke  through  the  crust  and  revealed 
the  softness  of  the  interior  portion  of  the  test 
specimen.  Tests  were  continued  to  an  age  of 
9  hours  and  the  penetration  pressure  was  less 
than  4,000  p.s.i.  After  24  hours,  the  mortar 
was  found  to  be  hard  and  there  was  no 
difficulty  in  removing  the  concrete  specimens 
prepared  with  this  retarder  from  the  molds. 


For  a  penetration  load  of  4,000  p.s.i.  this  re- 
tarder retarded  the  mortar  over  4  hours. 
Tests  of  the  concrete  specimens  at  an  age  of 
3  days  indicated  a  satisfactory  strength. 

Compressive  strength  tests  for  mix  No.  2 
were  made  at  ages  of  3  and  28  days.  The 
results  of  these  tests  and  the  ratios  of  these 
strengths  to  the  strength  of  concrete  without 
retarder,  made  on  the  same  day,  are  shown  in 
table  8. 

In  general,  the  same  trends  were  shown  in 
tests  on  specimens  made  at  90°  F.  as  were 
shown  on  those  made  at  73°  F.  The  strength 
ratios  differed  only  slightly.  The  average 
compressive  strength  at  3  days  of  the  con- 
cretes containing  the  retarders  (mix  No.  2) 
made  at  90°  F.  was  3,020  p.s.i.  and  for  similar 
concretes  made  at  73°  F.  it  was  3,080  p.s.i. 
At  28  days,  the  average  compressive  strength 
of  retarded  concretes  made  at  90°  F.  was 
5,040  and  for  concrete  made  at  73°  F.  it  was 
5,760  p.s.i. 

A  comparison  of  the  compressive  strengths 
at  ages  of  3  and  28  days  of  concrete  specimens 
made  at  90°  F.  and  at  73°  F.  is  shown  in 
figure  9.  At  an  age  of  3  days,  the  points 
representing  each  concrete,  retarded  or  non- 
retarded,    are   well   grouped    with    respect    to 
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Table  7. — Flexural  strength  tcsls  ' 


Retarder  No. 

Modulus  of  rupture  2 

Mix  No.  2 

Mix 

No.  3 

7  d:i\ 

28  days  3 

15  months  * 

7  days  3 

28  days  3 

P.s.i. 

Ratios 

P.s.i. 

Ratio  2 

P.s.i. 

Ratio  2 

P.s.i. 

Ratio  -■ 

P.s.i. 

1 ; .  1 1 ' .  i  - 

1  ._         

665 

675 
665 

7_'.-, 
680 

070 
675 
690 
690 
670 

665 
720 
685 

675 
715 

630 
690 
660 
720 
695 

660 
595 
670 
635 
655 

I0'2 
112 
110 

lis 
106 

111 
107 
108 
109 

101 

108 
118 
107 
109 
111 

102 
112 

107 
110 
107 

104 
98 
108 
106 
107 

700 
750 
750 
785 
765 

755 
700 
830 
805 
805 

725 
760 

785 
SO0 
770 

730 
750 
755 
790 
800 

800 

095 

810 

745 
750 

110 
103 
103 

101 
98 

109 
100 
112 
106 
113 

95 
105 
102 
102 
110 

94 
103 

97 
103 
109 

109 
96 
114 
101 
105 

785 
780 
875 
840 
870 

830 
845 
885 
855 
740 

835 
760 
805 
850 

845 

890 
815 
810 
755 
815 

825 
675 
715 
810 
775 

101 
100 
105 
102 

104 

99 
101 
106 
104 

90 

102 
97 
96 
104 
101 

109 
98 
99 
90 
99 

101 

87 
92 
104 
99 

645 
030 
030 
620 
665 

590 
645 
630 
655 
690 

650 
620 
655 
625 

645 

610 
655 
600 
675 
630 

640 
535 
625 
600 
590 

98 
105 
104 
101 
104 

98 
102 

98 
103 

107 

106 
102 
102 
101 
100 

98 
106 

98 
103 

97 

101 
88 
100 
100 
97 

770 
695 
745 
770 
710 

710 
730 
755 
745 
750 

710 
685 
725 
750 
685 

705 
745 
685 
755 
730 

740 
640 
750 
650 
660 

108 
96 
103 
102 
91 

102 
96 

102 
98 

106 

93 
94 
94 
96 
98 

90 
103 
88 
98 
99 

101 
89 

107 
88 
92 

2         

3               

4                    

5 

6               

7.---   -         

8               - 

9           .    

in 

11.             

12               ..__--_. 

13.                

11       

15-              

16  . 

17 

18-.                 _ 

1!) 

20 

21 

22 . 

23 

24 

25-.  

i  Amount  of  retarder  used  is  the  same  amount  as  shown  in  table  4. 

■  Ratio  represents  the  ratio  (expressed  in  percent)  of  the  strength  of  concrete  with  retarder  to  the  strength  of  the  concrete 
without  retarder  made  on  the  same  day. 

3  Each  value  is  the  average  of  five  tests  made  on  5  different  days.  Specimens  were  6-  x  6-  x  21-inch  beams  tested  in 
accordance  with  AASHO  Method  T  97  with  third  point  loading  on  an  18-inch  span.    Side  as  molded  in  tension. 

A  Each  value  is  the  average  of  three  tests.  Specimens  were  3-  x  4-x  16-inch  beams  tested  with  third  point  loading  on  a  12- 
inch  span  with  a  4-inch  depth;  bottom  surface  as  molded  in  tension. 


the  45°  line.  The  concretes  made  with 
retarders  Nos.  3  and  25  show  the  greatest 
reduction  in  strength  at  3  days  due  to  fabrica- 
tion at  an  elevated  temperature.  At  an  age 
of  28  days,  almost  all  of  the  concretes  made 
at  90°  F.  show  a  lower  strength.  Concretes 
prepared  with  retarders  Nos.  5,  7,  11,  13.  18, 
and  25  show  this  to  the  most  marked  extent. 
With  respect  to  type  of  retarder,  some 
differences  are  found  but  no  outstanding  in- 
fluence of  any  one  type  is  noted.  Concretes 
prepared  with  retarders  Nos.  3,  6,  and  15, 
showed  either  none  or  only  slight  reduction  in 
si  length  due  to  the  elevated  temperature. 
Freezing  and  thawing  tests 

Table  9  shows  the  results  of  freezing  and 
thawing  tests  made  with  the  retarded  con- 
crete. The  computed  durability  factors  for 
concrete  prepared  with  each  retarder  after 
300  cycles  of  freezing  and  thawing  are  given 
in  this  table.  Because  of  the  limited  capacity 
of  the  freezing  and  thawing  apparatus  the 
specimens  for  these  tests  were  prepared  on 
10  mixing  days. 

To  permit  comparisons  between  the  con- 
ereies  containing  the  different  retarders  a 
reference  mix  was  made  on  each  mixing  day. 
The  specimens  made  with  the  reference  mix 
were  tested  with  the  specimens  containing 
the  retarders,  and  the  durability  factors  for 
each  concrete  of  mixes  Nos.  2  and  3,  expressed 
as  a  percentage  of  the  durability  factor  for 
the  reference  concrete  made  on  the  same  day, 
are  shown  in  table  9.  These  values  are 
described  as  relative  durability  factors. 
The  durability  factors  for  the  reference  con- 
crete were  quite  uniform,  varying  from  85  to 
02  with  an  average  of  90. 
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Concretes  of  equal  cement  content  (mix 
No.  2)  prepared  with  each  of  3  retarders, 
Nos.  12,  15,  and  24,  had  relative  durabilities 
of  80  percent  or  less  whereas  concretes  with  the 
remaining  22  retarders  had  relative  dura- 
bilities of  90  percent  or  more.     Concretes  of 


reduced  cement  content  (mix  No.  3)  prepare 
with  the  same  3  retarders  had  relative  dura 
bilities  of  less  than  90  percent.  Concrete 
containing  retarders  Nos.  3  and  23  also  ha< 
relative  durabilities  of  less  than  90  percerj 
when  the  cement  content  was  reduced. 

If  an  assumption  is  made  that  a  relativ 
durability  of  80  percent  for  concrete  with  a 
admixture  is  acceptable,  as  is  specified  i 
AASHO  Specification  M  154  for  air-entrainin 
admixtures  for  concrete,  and  in  the  propose 
specification  for  retarders  of  Subcommitte 
Ill-h  of  ASTM  Committee  C-9,  then  only  tw 
retarders,  Nos.  15  and  24  for  mix  No.  2,  an 
three  retarders,  Nos.  3,  15  and  24  for  mix  No 
would  not  be  acceptable. 

Retarders  Nos.  3,  15,  and  24  were  all  of  th 
lignosulfonate  type.  The  air  contents  of  th 
concretes  containing  these  retarders  varie 
from  5  to  6.5  percent  and  with  one  exceptio 
(sample  No.  24  in  mix  No.  3)  no  air-entrainin 
agent  was  added.  Concretes  containing  for 
other  lignosulfonate  retarders,  Nos.  20,  22,  2 
and  25,  to  which  no  air-entraining  agent  ws 
added  to  six  of  the  eight  mixes,  had  relativ 
durability  factors  for  mixes  Nos.  2  and  3  varj 
ing  from  86  to  103  percent.  Concretes  coi 
taming  the  other  lignosulfonates  to  which  a 
air-entraining  agent  was  added,  with  the  e: 
ception  of  retarder  No.  12  in  both  mixes  No: 
2  and  3,  had  durability  factors  of  over  9 
percent. 

Organic  acid  retarders  Nos.  4,  5,  6,  8  and  ! 
which  required  considerable  Vinsol  resin  soli 
tion  to  entrain  the  required  amount  of  air  i 
concretes  for  mixes  Nos.  2  and  3,  had  relath 
durability  factors  in  excess  of  90  percen 
Considerable  amounts  of  air-entraining  agei 
were  also  required  for  mixes  No.  2  and  3  wit 


Table  8. 


-Retardation  time  for  concrete  and  compressive  strength  tests  of  specimens  mad 
at  90°  F.  for  mix  No.  2 


Retarder  No. 


1. 
2 

3"; 

4.. 
5. 

6- 

7- 
8.. 
9. 
LO 

11 
12 
13 

14 

15 

10 
17 
18 
19 
20 

21 
22 
23 

24 

27. 


Amount 

Amount 

retarder 

retardei 

used, 

used, 

Slump 

Air 

73°  F. 

90°  F. 

Oz./bag 

Oz./bag 

Inches 

Percent 

1.1 

1.4 

3.2 

4.9 

14  4 

16.3 

3.2 

5.8 

4.0 

4.2 

3.1 

5.6 

3.0 

4.2 

4.4 

5.5 

4.0 

6.0 

4.4 

5.8 

4.0 

7.0 

3.6 

5.8 

3.5 

4.5 

3.0 

5.4 

12.  0 

16.0 

3.3 

5.1 

2.8 

4.0 

2.9 

6.0 

3.2 

4.3 

3.2 

5.2 

4.8 

6.0 

2.9 

5.8 

4.0 

5.3 

2.7 

6.9 

4.8 

5.3 

2.8 

5.3 

5.0 

5.0 

2.7 

5.6 

4.0 

4.0 

3.0 

4.8 

4.8 

4.8 

3.0 

5.3 

3.2 

3.2 

2.  9 

5.2 

4.0 

5.0 

2.9 

6.5 

4  0 

4.5 

2.8 

5.0 

9.0 

9.0 

2.9 

5.4 

9.0 

12.0 

2.7 

5.3 

4.0 

4.5 

3.5 

8.+ 

6.4 

7.2 

3.0 

5.0 

9.6 

9.6 

3.0 

5.4 

4.0 

5.0 

2.7 

7.  1 

Proctor  penetration 

test,  retardation  at—' 


500  p.s.i. 


Hr.  Min. 
3:05 
2:45 
2:35 
2:20 
3 1:55 

2:45 
2:40 
2:35 
3:10 
3:10 

2:50 
2:35 

3:05 
2:20 
2:15 

2:20 
3:00 
2:25 
2:40 
2:30 

2:40 
2:25 
2:30 
2:40 
2:25 


4,000  p.s.i. 


Hr.  Afi«. 
2:50 
2:10 
2:35 
2:15 
4:  + 

3:35 

2:55 
2:50 
3:20 
3:00 

2:35 
2:55 
2:50 
2:30 
2:25 

2:00 
2:40 
2:40 
2:15 
2:25 

2:55 
2:45 
2:25 
2:30 
2:02 


Compressive  strength 


3  days 


28  days 


P.s.i. 


2.  SMI 

2,550 
3,250 
2,  890 
3,220 

2,770 

2.  smi 
3,210 

3,  060 
3,090 

3,470 
2,840 
2,810 
3,180 
3,320 

3,350 
2,960 
3.060 
3,160 
3,030 

3,110 

2,340 
3,020 
3,580 
2,410 


Ratio  2 


121 
107 
132 
117 
135 

116 
117 
130 
124 
129 

140 
119 
114 

129 
134 

136 

120 
124 
128 
123 

130 
95 

126 
146 
101 


P.s.i. 


5.  090 
4.410 
5,260 
5,  220 
5,080 

5,400 
4.700 
5,330 
5,  220 
5,280 

5,070 
5.070 
4,540 
5,210 
5,470 

5,350 
5,270 

4,  650 
5,390 
5,170 

5,  420 
3.940 
5, 100 
5, 180 
4,280 


Ratio2 


115 
99 
125 
119 
114 

122 
112 
121 

119 
119 

115 
114 

108 
119 
125 

122 
120 
111 
128 
123 

122 
94 
115 

123 
96 


1  The  delay  in  time  of  hardening  of  the  concrete  containing  the  retarder  as  compared  with  the  concrete  without  retard' 
made  on  the  same  day.  Time  for  concrete  without  retarder  to  reach:  Proctor  penetration  load  of  500  p.s.i.:  3  hrs.  15  ml 
(±15  min.);  Proctor  penetration  load  of  4,000  p.s.i.:  4  hours  45  min.  (±15  min.). 

2  Ratio  represents  the  ratio  (expressed  in  percent)  of  the  strength  of  concrete  with  retarder  to  tiie  strength  of  concrete  wit 
out  retarder  made  on  the  same  day. 

3  Top  surface  appeared  to  crust. 
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Figure  8. — The  influence  of  retarders  on  flexural  strength  of  concrete;  average  lvalues  for  all 

retarders. 


sample  No.  1.  the  carbohydrate  retarder.  The 
relative  durability  for  this  concrete  was  101 
percent  for  mix  No.  2  and  99  percent  for  mix 
No.  3. 

Concrete  having  an  air  content  of  5  to  7 
percent  is  usually  considered  to  have  an  ade- 
quate resistance  to  the  effects  of  freezing  and 
thawing.  The  fact  that  the  concretes  pre- 
pared with  retarders  Nos.  3,  15,  and  24  con- 
tained at  least  5  percent  of  air  and  still  showed 
relatively  poor  resistance  to  freezing  raises  a 
question  of  the  beneficial  value  of  air  entrained 
by  some  lignosulfonates.  The  only  explana- 
tion which  might  be  given  to  this  is  that  the 
jiir  was  not  in  the  finely  divided  and  uniformly 
dispersed  form  most  advantageous  in  furnish- 
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ing  durability  to  concrete.  However,  no 
study  of  air  void  size  and  spacing  was  made. 
The  information  obtained  in  these  tests  indi- 
cated that  freezing  and  thawing  tests  may  be 
of  particular  significance  in  acceptance  or 
qualification  tests  of  a  retarder  which  requires 
no  air-entraining  admixture  to  obtain  the 
specified  air  content  in  concrete. 

Effects  of  delayed  vibration 

The  results  of  tests  to  determine  the  effects 
of  delayed  vibration  on  the  properties  of  con- 
cretes prepared  with  retarders  are  shown  in 
table  10.  During  three  rounds  of  making 
specimens  for  flexure  and  compression  tests, 
an  extra  beam  and  cylinder  were   made  for 


each  batch.  The  three  extra  beams  and  three 
cylinders  were  vibrated  at  3  or  5\{  hours  after 
molding.  The  beams  and  cylinders  prepared 
with  mix  No.  1  were  vibrated  at  3  hours  and 
those  prepared  with  mixes  Nos.  2  and  3  were 
vibrated  at  5K>  hours.  The  unit  weight  of 
each  concrete,  vibrated  and  nonvibrated,  was 
determined  by  weighing  cylinders  in  air  and 
under  water  prior  to  testing  at  an  age  of  28 
days. 

The  average  increase  in  unit  weight  of  all 
vibrated  retarded  concretes  was  3.1  and  3.4 
pounds  per  cubic  foot  for  mixes  Nos.  2  and  3, 
respectively,  over  the  unit  weights  of  cor- 
responding concretes  from  the  same  batch 
which  had  not  been  vibrated.  In  general,  a 
greater  increase  in  weight  was  obtained  by 
vibration  of  the  concretes  which  had  high  air 
contents.  For  example,  concretes  of  an  air 
content  of  8  or  more  percent  (retarder  No.  22) 
showed  increases  in  unit  weight  of  6.5  and  7.4 
pounds  after  vibration. 

The  average  unit  weights  of  the  vibrated, 
reference  mix  prepared  on  18  mixing  days  was 
151.3  pounds  per  cubic  foot  and  148.3  pounds 
for  the  corresponding  reference  mix  that  was 
not  vibrated.  The  average  gain  in  weight  of 
3  pounds  per  cubic  foot  for  the  nonretarded 
mix  checks  with  the  average  increase  in  weight 
of  3.1  pounds  for  mix  No.  2  and  3.4  pounds  for 
mix  No.  3. 

The  average  compressive  strength  at  an  age 
of  28  days  of  vibrated,  nonretarded  concrete 
(mix  No.  1)  was  5,680  p.s.i.  This  value  was 
11  percent  higher  than  that  for  the  same  mix 
which  was  not  vibrated.  Vibration  did  not 
improve  the  retarded  concretes  to  the  same 
amount.  The  28-day  compressive  strengths 
of  vibrated  retarded  concrete  were  4.1  and  7.3 
percent  higher,  for  mixes  Nos.  2  and  3,  re- 
spectively, than  the  strengths  of  the  same 
concrete  which  was  not  subjected  to  delayed 
vibration.  All  vibrated  concrete  for  mix  No. 
3  and  22  of  the  25  samples  tested  in  mix  No.  2 
showed  a  gain  in  strength  over  nonvibrated 
concrete. 

The  28-day  flexural  strength  of  vibrated 
mix  No.  2  averaged  2.9  percent  lower  than 
the  strength  of  the  same  mix  without  delayed 
vibration.  For  mix  No.  3  the  vibrated  and 
nonvibrated  concretes  had  about  the  same 
flexural  strength. 

The  average  flexural  strength  of  the 
vibrated,  nonretarded  concretes  (mix  No.  1) 
was  725  pounds  per  square  inch.  This  was 
about  one  percent  less  than  the  average 
strength  of  the  corresponding  nonvibrated 
concrete. 

The  tests  indicated  that  delayed  vibration 
of  retarded  concrete  at  5} h  hours  after  placing 
was  beneficial  to  the  compressive  strength. 
However,  the  time  required  for  the  500-p.s.i. 
Proctor  penetration  pressure  for  delayed 
vibration  was  not  applicable  to  concretes 
which  were  used  in  this  study.  This  was 
probably  due  to  the  grading  and  the  type  of 
aggregate  used. 

The  results  of  delayed  vibration  on  flexural 
strength  of  retarded  concrete  included  in  this 
investigation  indicate  no  apparent  benefit, 
probably    due    to    the    method    of    vibration 
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Figure  9. — Effect  of  elevated  temperature  on 

employed.  It  is  difficult  to  vibrate  a  hori- 
zontal beam  of  6-  by  6-inch  cross-section  with 
a  l^-inch  internal  vibrator  and  obtain  ideal 
compaction.  In  the  case  of  a  0-  by  12-inch 
cylinder,  I  he  vibrator  spud  is  immersed  for  it  s 
full  length  in  the  concrete  and  effective  vibra- 
tion can  be  obi  ained. 

Density  and  absorption  tests 

Data  on  the  density  and  absorption  of  con- 
crete disks  taken  from  cylinders  prepared  with 
and  without  retarders  are  shown  in  table  11. 
Mix  No.  2,  containing  each  of  the  25  retarders, 
was  made  on  three  different  mixing  days 
along  with  a  reference  mix  prepared  for  each 
day.  The  tests  were  made  on  1-inch  thick 
disks  which  were  sawed  from  the  top,  middle 
and  bottom  of  three  (i-  by  12-inch  cylinders 
made  on  the  same  day.  Each  value  for 
weighl  or  absorption  of  the  hardened  concrete 
given  in  the  table  is  an  average  for  6  disks. 

A  temperature  of  190°  to  200°  F.  was  used 
to  dry  the  disks.  This  temperature  was 
chosen  because  it  was  considered  inadvisable 
to  evaporate  water  above  the  boiling  poinl 
and  the  uniformity  of  heating  was  belter  con- 
trolled at  this  temperature  than  in  available 
ovens  which  operated  at  temperatures  about 
212°  F. 

The  wet  and  dry  densities,  unit  weight  per 
cubic  fool,  of  the  disks  from  the  bottom  of  the 
cylinders  were  higher  than  the  densities  of 
corresponding  disks  from  the  top  of  the 
cylinders.  However,  the  differences  in  den- 
sities of  disks  from  tlie  to],  and  middle  of 
cylinders  were  relatively  small  and  indicated 
very  little  effect  on  densities  by  any  of  the 
retarders.  A  comparison  of  densities  of  the 
retarded  concretes  with  the  densities  of  the 
reference  mix  also  indicates  a  non-appreciable 
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gain  in  weight  above  that  normally  obtained 
for  the  reduced  water  content,  and  the  term 
"densifier"  as  used  for  some  retarders,  is  not 
justified  by  these  data. 

The  absorption  data  given  in  table  11  were 
calculated  from  the  wet  weights  at  an  age  of 
28  days  and  the  weights  after  drying  at  190°  to 
2(10°  F.  The  absorptions  were  higher  for  the 
disks  from  the  top  of  the  cylinders  than  for  the 
disks  from  the  bottom  of  the  cylinders.      There 


did  not  appear  to  be  any  appreciable  effect  o 
decreasing  the  absorption  of  the  concrete  in  the 
top  of  a  cylinder  by  the  use  of  a  retarder 
Neither  did  the  use  of  a  retarder  appear  ti 
decrease  appreciably  the  range  in  absorptioi 
between  the  concrete  in  the  top  and  bottom  o 
a  cylinder. 

Volume  change  tests 

The  data  in  table  12  indicate  that  retarder: 
have    no    significant    effect    on    lineal    drying 
shrinkage  or  growth  of  the  concrete  used  ii 
this   study.     This   conclusion   is   based   on 
comparison  of  the  volume  change  of  retardec 
concrete  with  that  of  reference  concrete  whicl 
was  made  on  the  same  day.     In  general,  thi 
organic  acid  retarders  (Nos.  4,  5,  6,  8,  and  9 
and     the     carbohydrate     retarder     (No.      1 
showed  very  little  increase  in  shrinkage.     Th> 
shrinkage    values,    generally,    appear    to    b 
higher  for   the   retarded   concretes  that   wet    .,, 
moist  cured  initially  for  2  days  than  those  fo    y 
similar  concretes  that  were  cured  initially  fo    r!l 
14  days.     Some   of  the   lignosulfonates,   par    ^ 
ticularly  Nos.  11,   14,   16,   18,  and  24,  showei   L 
the  greatest  shrinkage  for  2-day  moist-curei    [ 
concrete.      Whether  the  calcium  chloride  con    L 
tent    of    retarders    Nos.    1 1    and    24    affecte    y 
shrinkage  is  subject   to  conjecture.     Likewis    ]\ 
whether    reducing    sugar    content,    over    fiv    n, 
percent  in  retarders  Nos.  14  and  17,  affecte    \ 
shrinkage  is  conjectural.     Although  the  shrink 
age  values  for  concretes  containing  retardei 
Nos.  14  and  17  were  among  the  highest  valiu   i 
recorded,   consideration  should  be  given  th 
chemical    composition    of    each    of    the    t  w 
retarders. 

The    values    for    expansion    under    mois 
storage  showed   no   appreciable   effect   of  rt    | 
tarders   on   concrete.     One  value,   0.019  pe 
cent,  for  retarder  No.  14  is  an  exception  an 
reference  to  table  1  shows  that  the  carboh 


Table  9. — Results  of  freezing  and  thawing  tests 


Retarder  No. 


1. 
2_ 
3. 

4_ 

5. 

6. 

7_ 
s 
9. 

in 

11 
12 

13 
14 
15 

16 

17 
is 
19 
20 

21 

23 
24 
25 


Mix  No.  2 


Air 
content 


Percent 
4.9 

5.2 

a  5 

5.2 
5.1 

5.3 
6.1 
5.0 
4.9 
6.0 

5.4 
5.7 
5.3 
6.0 
6.3 

6.2 
5.2 
6.  2 
5.9 
5.1 

5.0 
10.0 
6.  1 
5.0 
7.6 


A  E  A 
added 


Ml./bag 
16.3 
16.3 


I  t  :; 
10.2 

14.3 
10.2 
15.1 
14.3 

is    t 

4.  1 
4.  1 
4.  1 
4.  1 


(i.  1 
10.2 
6,  1 
8.2 


4.1 
4.T 


I  111!  illlilit  \ 

factor  at 
300  cycles 


/',  ret  ni 
92 
91 
87 
til 
87 

91 
90 

91 
94 
91 


92 
92 
90 
91 
85 


s_' 
92 


56 
87 


Relative 
durability 

factor 2 


Percent 
101 
100 

96 
101 

96 

100 

99 

99 
102 

99 


96 

94 
79 

101 
102 

99 
101 

94 

91 
101 
97 
61 
96 


Mix  No.  3 


Air 

content 


Percent 
5.4 
5.6 
5.6 
5.1 
4.9 

5.4 
5.5 
5.3 
5.3 

5.7 

5.3 
5.9 
6.0 
5.3 
5.0 

5.5 
5.2 
5.0 
5.0 
5.9 


5.0 
5.9 

6.6 


A  E  A 

added 


Ml./bag 
21.5 
21.5 


18.0 
13.5 

20.2 
13.5 
19.3 
18.0 
13.5 

9.0 
6.7 
6.7 
11.2 


6.7 
13.5 

6.7 
11.2 
13.5 

11.2 

~~4.T 
2.4 


Durability 

factor  at 
300  cvcles 


Percent 
91 
91 
68 
89 
82 

85 
87 
91 

87 


st 
72 
79 
si 
64 

83 

86 
82 


92 

91 
76 
68 
87 


Relative 

dmaliilil  \ 
factor 2 


Percent 
99 
99 
75 
99 
91 

94 
96 
106 
97 
97 

93 
85 
93 
99 
75 


101 
93 
98 

103 

103 

102 
86 
76 
97 


■ 


ill 
KIT 
P 

less 


st 
iret 
U 


'  Each  value  is  an  average  of  tests  on  three  3-  x  4-  x  16-inch  beams.  Beams  frozen  and  thawed  in  accordance  wi 
AASHO  Method  T  161  for  fast  freezing  and  thawing  in  water 

2  Relative  durability  factor  is  the  ratio  in  percent  < >f  the  durability  factor  of  the  concrete  containing  the  retarder  to  t 
durability  factor  of  concrete  without  retarder  (mix  No.  1)  made  on  the  same  day  and  given  the  same  treatment. 
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pen 


:  drate    content    for    this    retarder    is    over    10 
percent. 

Use  of  excessive  amount  of  retarder 


Table  10.— Effect  of  delayed  vibration  on  compressive  and  flexural  strength  of  concrete  al 

28  days ' 


A  limited  series  of  tests  were  made  using 

four  times  the  amount  of  retarder  which  had 

previously    been  determined    as    the  amount 

necessary  to  obtain  the  desired   retardation. 

Only   ten    of  the   25   retarders   were   used   in 

these  tests  which  were  made  to  determine  the 

"^effect  on  the  retardation  as  well  as  on  compres- 

Ssive  strength  at  ages  of  7  and  28  days.     The 

"rmix  data  for  these  concrete  samples  as  well  as 

'the  results  of  the   Proctor  penetration   tests 

and  the  compressive  strength  tests  and  ratios, 

are  given  in  table  13. 

The  mix  data  show  that  when  four  times 
the  normal  amount  of  retarder  was  used,  I  ln- 
air  content  of  the  concrete  mixtures  Nos.  3, 
7,  and  11  was  over  8  percent.  No  air  en- 
training admixture  was  used  in  these  mix- 
tures. The  use  of  an  overdosage  of  retarder 
"'had  no  effect  on  the  air  content  of  the  con- 
cretes containing  each  of  the  other  seven  re- 
:lrtarders.  The  water  required  for  the  con- 
cretes  with  an  overdosage  of  each  retarder 
'Was,  with  one  exception,  reduced  from  that 
required  for  corresponding  concretes  con- 
taining the  normal  amount  of  retarder. 

The  time  required  for  the  concretes  to  reach 
500  p.s.i.  penetration  pressure  by  the  Proctor 
test,  varied  from  approximately  0  hours  for 
concrete  containing  retarder  No.  1 1  to  over 
100  hours  for  retarders  Nos.  3  and  7.  For  a 
penetration  of  4,000  p.s.i.,  the  time  varied 
mm  23  hours  to  over  150  hours.  Retarders 
Nos.  1 1  and  12  which  required  approximately 
3  to  10  hours,  respectively,  for  a  500  p.s.i. 
benetration  pressure,  required  80  hours  and 
over  150  hours,  respectively,  for  4,000  p.s.i. 
Penetration  pressure.  Crusting  of  the  top 
Surface  of  the  concrete  appears  to  have  caused 
his  difference. 

The  strength  tests  show  that  at  an  age  of 
1  days,  concrete  prepared  with  retarders  Nos. 
I,  2,  and  9  gave  compressive  strengths  greater 
|han  those  of  the  concrete  without  retarder. 
pncrete  containing  these  3  retarders  reached 
She  Proctor  penetration  value  of  4,000  p.s.i. 
n  less  than  50  hours. 

At  an  age  of  28  days  the  concretes  con- 
-aining  each  of  six  retarders  had  strengths 
beater  than  the  strength  of  the  nonretarded 
nix.  Of  the  four  concretes  which  had 
Strengths  less  than  the  reference  concrete, 
hree  had  air  contents  of  over  8  percent.  The 
;oncretes  containing  retarders  Nos.  7  and  12 
lad  strength  ratios  of  90-91  percent  of  the 
nonretarded  concrete.  As  these  concretes 
leeded  over  100  hours  to  obtain  a  Proctor 
Denetration  pressure  of  4,000  p.s.i.,  it  is 
possible  that  at  a  later  age  these  concretes 
night  equal  the  strength  of  the  reference  mix. 

W  here  the  air  content  of  the  concrete  was 
tot  high,  it  appeared  that  if  sufficient  curing 
:ould  have  been  given  the  concrete,  the 
itrength  would  not  have  been  seriously 
owered  by7  the  overdosage  of  retarder. 

Figure  10  shows  the  probable  effect  of  re- 
order overdosage  on  the  compressive  strength 
')f  concrete  after  7  and  28  days.     The  curves 

mowing  the  effect  of  retarders  Nos.  1,  2,  and 

it* 


Retarder  No. 


Mix  No.  1_. 

Mix  No.  2: 

1 

2 

3 

4 

5 

6 

8.—- 

9 _ 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

Average 
Mix  No.  3: 
1 

2 
3..Y. 

4 

5 

6 

8 

9 

10 

11 

12.... 

13 

14 

15 

16 . 

17 

18 

19 

20 

21.... 

22 

23 

24 

25 

Average 


Weight  of  hardened 

Compressive  strength, 

Flexural 

strength. 

concrete  - 

vibrated 

vibrated 

Non- 
Vibrated 

I'.s.i. 

Ratio  3 

I'.s.i. 

Ratio  I 

Pounds  per 

1 'nn  nils  per 

Cll.ft. 

cu.  ft. 

151.3 

148.3 

5,680 

111 

725 

99 

151.8 

1  t'.l  s 

o,  070 

1(15 

705 

90 

151.7 

148.  5 

:,,  680 

101 

740 

97 

151.8 

147.  8 

5,791) 

113 

005 

92 

151.9 

148.8 

5,990 

100 

775 

97 

153.5 

150.3 

(i,  500 

101 

755 

97 

151.2 

147.6 

5.  550 

10! 

715 

',15 

152.9 

150  8 

5.950 

103 

750 

101 

152.  5 

150. 1 

6,050 

101 

790 

94 

151.2 

1 19.  7 

6,240 

107 

725 

88 

L52   I 

150.2 

0.  120 

1(15 

705 

90 

152.2 

147.0 

0,  240 

102 

735 

105 

150  8 

145.3 

5,1,90 

116 

740 

111!) 

152.6 

150.7 

0.  140 

104 

700 

101 

153  8 

150.  9 

It,  2711 

105 

775 

97 

152  3 

149.  1 

5,880 

103 

725 

97 

152.4 

150  n 

i,,  1711 

Kill 

765 

103 

152.3 

150.  1 

5,900 

98 

740 

97 

152.8 

151.4 

5,740 

94 

700 

1(11 

153.8 

151.  1 

0,  170 

102 

750 

'.a 

152.  5 

150.11 

0,  260 

102 

790 

100 

152.  1 

149.9 

6,210 

105 

745 

91 

150.8 

144.3 

5.4211 

125 

705 

104 

152  3 

1 19.  8 

t;.  290 

102 

790 

95 

154  n 

151.1 

6,020 

98 

725 

93 

L53  ■( 

14S.  1 

0.  120 

109 

745 

95 

152.4 

I  19  3 

104 

97 

151.6 

147.6 

5.810 

100 

695 

til 

152.0 

Us    1 

5.  mm 

104 

730 

105 

152  2 

lis  6 

5,610 

112 

710 

97 

152.0 

lis.  7 

5,560 

1115 

725 

94 

153.5 

C  - 

0,270 

109 

705 

90 

151.1 

148.9 

5,320 

Kill 

675 

97 

152.2 

149.8 

5,830 

105 

7:i5 

104 

152.4 

149.7 

5,0911 

103 

725 

90 

152.4 

149.  3 

5,9111 

105 

755 

102 

153  2 

150.7 

6,1 

ins 

7211 

'.19 

153.6 

149.7 

5,710 

103 

685 

'97 

151.7 

147.8 

5,300 

107 

745 

100 

153.8 

149,  0 

5.  890 

109 

720 

101 

153.0 

1  19   3 

5.010 

105 

740 

100 

153.5 

1  is  8 

5,  950 

114 

070 

97 

153.2 

1511  II 

5.  OHO 

101 

735 

101 

152.  1 

1  19    1 

5,7!  II 

109 

750 

till 

152.  6 

1511   5 

5,600 

1(10 

700 

113 

152  8 

150.  1 

5.7911 

1115 

735 

:« 

154.0 

151.0 

6,380 

108 

680 

95 

152.5 

150.5 

5.  800 

103 

720 

1114 

152.4 

145.0 

5.  190 

120 

070 

105 

153.0 

149.9 

5,  580 

104 

705 

103 

153.6 

150.7 

5.  onii 

105 

670 

105 

152.6 

147.6 

5,880 

126 

070 

'.IS 

152,7 

149.3 

107 

100 

1  Each  value  for  mix  No.  1  is  average  of  19  tests.    Each  value  for  mixes  Nos.  2  and  3  is  average  of  3  tests  made  on  different 
days. 

2  Weight  of  hardened  concrete  determined  on  test  cylinders  at  age  of  2S  days. 

3  Ratio  represents  the  ratio  (expressed  in  percent)  of  the  strength  of  vibrated  concrete  to  the  strength  of  t lie  non-vibrated 
concrete  made  on  the  same  day. 


9  have  approximately  the  same  shape  as  that 
for  the  reference  mix.  The  curves  for  the 
concrete  retarders  Nos.  3  and  11  have  about 
the  same  slope  as  that  for  the  reference  mix. 
It  was  expected  that  these  concretes  would 
continue  to  develop  strength  at  about  the 
same  rate  as  the  reference  concrete,  and  that 
little  change  in  the  retarded  and  nonre- 
tarded strength  ratios  would  occur  with  in- 
crease in  age. 

The  curves  for  the  concretes  prepared  with 
retarders  Nos.  4,  5,  6,  7,  and  12  show  a  very 
rapid  increase  in  strength  after  a  prolonged 
delay  in  hardening.  The  assumption  drawn 
from  the  plotted  data  was  that  for  these 
retarders  a  considerable  delay  in  setting 
caused  a  very  rapid  gain  in  strength,  and  pos- 
sibly a  development  of  strength  superior  to 


that  when  normal  rates  of  hardening  occurred. 
This  assumption,  however,  does  not  apply  to 
all  retarders  which  had  a  marked  delay  in 
setting  as  samples  Nos.  3  and  11  had  such 
delay  but  failed  to  gain  a  normal  amount  of 
strength  between  ages  of  7  and  28  days. 
For  most  of  the  retarders  tested,  use  of  an 
excessive  amount  did  not  cause  an  objection- 
able reduction  in  strength  at  tin  age  of  28  days. 

Effect  of  retarders  on  temperature  rise 

Figure  11  shows  the  results  of  temperature 
measurements  of  retarded  and  nonretarded 
concretes  which  were  stored  at  73°  F.  for  18 
hours.  After  mixing,  retarded  concretes  re- 
quired a  longer  period  of  time  to  reach  the 
maximum  temperature  than  did  the  reference 
mix.     The  increase  varied  from  approximately 
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Table  11. — Density  and  absorption  tests  for  mixes  Nos.  1  and  2 


Retarder  No. 

Weight 

plastic 
concrete 
(pounds 
pei  i  ubic 

foot) 

Air  in 

plastic 

concrete 

(percent) 

Weight  of  hardened  concrete   (pounds  per  cu 

bic  foot) 

Absorption  3 
(percent) 

Wet  i 

Dry  2 

Top 

Middle 

Bottom 

Top 

Middle 

Bottom 

Top 

Middle 

Bottom 

Mix  No.  1— 

4.     

145.  7 
145.9 
145.3 
144.3 
145.9 

145.9 
144.3 
145.  7 
144.3 
144.7 

144.3 
143.  1 
145.  5 
144.7 
L44.9 

144.1 
143.1 
141.9 
144.5 
145.5 

143.  5 
144.3 
143.9 
144.3 

138.6 
144.9 
141.5 
140.8 

4.5 
4.9 
5.1 
5.5 
4.7 

4.9 
6.  5 
5.0 
6.0 

5.  6 

5.0 

6. .'' 
5.1 
5.2 
5.3 

5.5 

6.  1 

6.7 
5.9 
5.0 

5.0 
5.2 

5.1 

8+ 
5.  1 
6.0 
8+ 

150.8 

151.0 
149.5 
1  (9.8 
151.9 

152.  1 
151.0 
151.2 
149.5 
150.9 

I  19.6 

151  i. 
152.6 

151).  1 
151.2 

150.3 
149.2 

148.8 
151.0 

1511.9 

!  Is  3 
149.0 
148.2 
151.9 

114.7 
151).  1 
150  1-' 

117.  S 

151.6 
150.  8 
150.2 
1511.  1 
152.  C 

152.  1 
151.0 
151.4 
150.1 
151.2 

149.8 
150.3 
151.6 
149.7 
150.  5 

150.  1 
149.3 
149.0 
150.  2 
150.  6 

149.1 
149,5 
148.4 
151.7 

144.7 

149.  6 

150.  1 
147.9 

152.0 

152.6 
152.5 
152.6 
154.2 

153.3 

152.7 
154.  1 
152.4 
152.8 

151.7 
151.8 
153.3 
152.0 
152.5 

152.0 
151.2 

150.9 
152.4 
152.5 

150.6 
151.8 
151.1 
152.  8 

147.3 
152.4 
151.6 

150.0 

142. 6 

1 43.  1 
141.2 
141.5 
144.1 

111.  1 
143.6 
143. 1 
141.2 
143.1 

141.7 

144.3 
145.5 

142.  3 
143.7 

142.5 
141.5 

141.  1 

143.  5 
142.9 

139  5 

140.  5 
139,  7 
144.4 

136.8 

142.  1 
142.6 
139.8 

143.6 

142.8 
141.9 
142.1 
144.6 

144.3 
1 13  3 
143.3 
142.2 

143.  2 

141.7 
142.6 

144,  1 
141.8 
142.  9 

142.3 
141.7 
141.4 
142.5 
142.  6 

140.5 
141.3 
139.9 
144.  2 

136.9 
141.  5 
142.7 
140.0 

144.1 

145.  2 
144.8 
145.3 
147.0 

146.0 
145.8 

146.  9 
145.  0 
145.  5 

144.  5 
144.7 

1  16.  5 
144.8 
145.7 

144.9 
144.3 

144.2 

145.  6 
145.3 

142.7 

nit; 

143.4 
1 15.  7 

140.3 
145.2 
144.  S 
141.9 

5.8 
5.5 
5.9 
5.9 
5.4 

5.3 
5.2 
5.7 
5.9 
5.5 

5.  6 

5.  1 
4.9 
5.5 
5.2 

5.5 
5.4 
5.5 

5.2 
5.6 

6.3 
6.0 
6.1 
5.2 

5.8 
5.6 
5.3 

5.7 

5.6 
5.6 
5.8 
5.6 
5.5 

5.4 
5.4 
5.7 
5.6 
5.6 

5.7 
5.4 
5.2 
5.6 
5.3 

5.5 
5.4 
5.4 
5.4 
5.6 

6.1 
5.8 
6.1 
5.2 

5.7 
5.7 
5.2 
5.6 

5.5 
5.1 
5.3 
5.0 
4.9 

5.0 
4.7 
4.9 
5.1 
5.0 

5.5 
4.9 
4.6 
5.0 
4.7 

4.9 
4.8 
4.6 
4.7 
5.0 

5.5 
5.0 
5.4 
4.9 

5.0 
5.0 
4.7 
5.7 

11       

in  .   

11..   

14       

16.      

18       .--. 

20 

21_.        

Mix  Xo.  1.-. 
3       .- 

5       

6        

7 

8 

13... 

17..    

19       

Mix  No.  1.-- 
1         

2     

12 

22 

23 

24      

25..    

Table  12. — Tests  for  change  in   volume 
mixes  Nos.  1  and  2  ' 


foj 


i  Wet  weight  determined  on  disks  after  28  davs  continuous  moist  storage. 
-  Disks  dried  to  constant  weight  at  190  to  200°  F. 
:  Based  on  wet  weight  after  28  days  moist  curing. 


one  to  seven  hours.  In  only  three  samples 
were  the  maximum  temperatures  of  retarded 
concretes  higher  than  that  of  the  reference 
mix.  Tlie  greatest  maximum  temperature, 
101°  F.,  was  found  with  retarder  No.  24.  This 
temperature  was  reached  almost  7  hours  after 
the  maximum  temperature  of  the  reference 
concrete  had  been  reached.  The  lowest  maxi- 
mum temperature  was  90°  F.,  obtained  with 
retarder  No.  5. 

The  results  of  measurements  for  tempera- 
ture rise  of  retarded  and  nonretarded  mortars 
which  wen'  screened  from  concrete  made  a( 
00°  F.  are  shown  in  figure  12.  The  mortar 
specimens  were  stored  in  air  at  90°  F.  for 
24  hours.  The  increase  in  time  for  retarded 
mortars  to  reach  a  maximum  temperature 
over  the  time  required  for  nonretarded 
mortars  varied  from  about  2}i  to  16  hours. 
The  greatest  maximum  temperature,  120°  F.. 
was  obtained   with  retarder  No.   24  and  the 


lowest  maximum  temperature,  105°  F., 
occurred  with  retarder  No.  0.  Somewhat  of 
an  oddity  occurred  with  mortar  containing 
retarder  No.  5.  This  sample  recorded  the 
second  lowest  maximum  temperature,  100°  F., 
at  two  different  times.  The  first  temperature 
maximum  was  reached  after  five  hours — 
which  was  prior  to  the  time  the  nonretarded 
mortar  had  reached  its  maximum  tempera- 
ture— -and  retarder  No.  5  reached  106°  F. 
again  after  23  hours. 

The  data  show,  with  the  single  exception 
of  No.  5  on  the  tests  with  mortar  specimens, 
that  all  retarders  delay  the  time  of  maximum 
temperature  rise  beyond  that  of  nonretarded 
concrete  and  mortar.  The  data  also  show 
that,  in  general,  retarders  do  not  increase 
appreciably  the  maximum  temperature  rise 
but  may  decrease  it.  Retarder  No.  24,  how- 
ever, presents  an  exception  to  the  last  state- 
ment as  this  sample  caused  both  mortar  and 


Retarder  No. 

Contraction  - 

Expansions 

Moist  cured 
2  days 

Moist  cured 
14  days 

Mix  No.  1 

4 

Percent 
0.044 
.046 
.046 
.047 
.059 

.052 
.055 
.057 
.049 

.047 

.049 
.049 
.052 
.044 
.  051 

.  044 
.053 
.047 
.053 

.052 

.048 
.046 
.048 
.047 

.049 
.052 
.056 
.053 

Percent 
0.048 
.041 
.044 
.047 
.048 

ills 
.049 
.049 
.046 
.048 

.046 
.045 
.044 
.046 
.047 

.040 
.045 
.046 
.056 
.046 

.044 
.047 
.048 
.039 

.044 
.044 
.051 
.042 

Percent 
0.009 
.011 
.011 
.013 
.012 

.019 
.012 
.008 
.011 
.011 

.009 
.011 
.010 
.011 
.011 

.010 
.010 
.012 

.011 
.010 

.008 
.011 
.008 
.009 

.014 
.009 
.011 
.011 

9 

10 

11. 

14 

16. . . 

18 

20   . 

21 

Mix  No.  1 

3. 

5 

6  - 

7 

8  

13...    

15 

17 

19 

Mix  No.  1 

1 

2 

12 

22 

23 

24     . 

25 

i  Each  value  is  an  average  for  three  3-  x  4-  x  16-inch  beams 

2  Specimens  stored  in  dry  air  for  200  days  at  73°  F.  and  5C 
percent  relative  humidity. 

3  Specimens  stored  in  moist  air  for  200  days  at  73°  F.  anc 
100  percent  relative  humidity. 

concrete    to    develop    a    significantly    highei 
temperature  than  the  nonretarded  mixes. 

Discussion  of  the  Data 

It  is  to  be  noted  that  the  findings  of  this 
investigation  apply  specifically  to  the  concrete 
prepared  with  the  following  materials  anc 
properties: 

Cement. — Blend  of  four  type  I  ce- 
ments having  a  calculated  average 
equivalent  alkali  content  of  0.63 
percent. 

Aggregates. — 'Natural     quartz 
and     crushed    limestone     of 
maximum  size. 
Slump. — 2  to  3  inches. 
Air  content. — 5  to  6  percent. 
Mixing. — In      laboratory      pan-type 
mixer. 


sand, 
1-inch 


Table  13. — Tests  using  four  times  normal  amount  of  retarder  for  mixes  Nos.  1  and  2  ' 


Retarder  Xo. 

Amount 
retarder 

used 

AEA 

added 

Cement 

Water 

Slump 

Air 

Proctor  penetration 
test  time  for — 

Compressive  strength  at 2— 

■Mm  p.s.i. 

401)0  p.s.i. 

7  days 

28  days 

P.s.i. 

Ratio2 

P.s.i. 

Ratio  2 

Mix  Xo.  1 

1 

Oz./bag 

I  5 
57 
16 
12 

16 
16 
14 
11 

19 
16 

Ml.  i bag 
27 
23 

17 

25 

12 
20 

25 

27 

Bags/en,  yd. 

6  n 
6.0 
5.9 
5.2 
0.0 

6.0 
5.  9 
5.8 
5,  9 
5.2 
6.0 

Gnl. /bag 
5.9 
5.7 
5.8 
5.3 
5.4 

5.3 
5.4 
5.2 
5.4 
4.9 
5.  1 

Inches 

2.7 
2.8 
2.9 
5.4 
3.0 

4.3 
3.2 
5.2 
3.8 
4.2 
2.5 

Pet. 
5.4 
5.1 
5.  1 
8+ 
5.  1 

4.8 
5.7 
8+ 
5.6 
8+ 
5.5 

Hr.  Min. 
3:50 
20 
27 

100+ 
80+ 

1S± 

80+ 

100+ 

40± 

6 

10± 

Hr.  Min. 
5:25 
23 
29 

100+ 
80+ 

75 

150+ 
150+ 
48 

80+ 
150+ 

3.65(1 
4,330 
4,160 
1,480 
2,380 

3,340 
320 

3,860 

1,540 

119 
114 
41 
65 

92 
9 

106 
42 

4,900 

5,500 
5,560 
_'  1,111 
5,900 

6,200 
5,030 
4,420 

5,651) 
2,500 
4,460 

112 
113 

54 
120 

127 
103 
90 
115 
51 
91 

2                                

3 

4 

6 

9   - 

11    -. 

12  .    

■  Normal  amount  of  retarder  is  amount  required  to  retard  the  setting  time  of  the  concrete, 
at  73°  F.  for  2H  hours  to  3  hours. 
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2  Ratio  represents  the  ratio  (expressed  in  percent)  of  the  strength  of  concrete  with  retarde 
to  the  strength  of  the  concrete  without  retarder. 
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When  a  retarder  was  used  in  sufficient 
amounts  to  delay  the  set  ting  time  for  2}i  to 
3  hours  as  indicated  by  a  500  p.s.i.  Proctor 
penetration  load,  the  results  obtained  are  as 
follows : 

•  For  concrete  of  equal  cement  content  and 
equal  slum]),  all  retarders  tested  permitted 
reductions  of  the  water  content  of  a  G-bag 
concrete  mix  from  1  to  12  percent  (0.1  to 
0.7  gallon  per  bag  of  cement)  below  the  water 
content  of  similar  concrete  that  was  not 
retarded. 

•  The  chemical  composition  of  retarders 
generally  affected  the  reduction  of  water. 
The  sucrose  carbohydrate  retarder  permitted 
the  least  reduction  of  water,  I  percent,  while 
the  organic  acid  retarders  permitted  5-7  per- 
cent reduction,  and  the  lignosulfonates  per- 
mitted a  reduction  of  5-12  percent  in  water 
content. 

•  The  time  of  final  hardening  of  retarded 
concretes  at  4,000  p.s.i.  Proctor  penetration 
pressure  was  less  than  11  hours;  whereas  the 
time  of  final  hardening  of  retarded  concretes 
at  a  pin  pullout  load  of  8  p.s.i.  was  less  than 
10  hours. 

•  Concretes  prepared  with  mix  No.  2,  ex- 
cept for  retarder  No.  22,  had  higher  compres- 
sive strengths  at  3,  7,  28,  and  365  days  than 
nonretarded  concrete.  Increases  in  strength 
at  365  days  were  from  9  to  25  percent.  Con- 
crete prepared  with  retarder  No.  22,  which 
had  an  air  content  in  excess  of  S  percent,  had 
compressive  strengths  which  were  less  at  all 
ages  than  the  strengths  of  the  nonretarded 
concrete. 

•  Concretes  which  were  prepared  with  each 
of  23  retarders,  and  which  had  cement  con- 
tents of  5.75,  5.5,  or  5.25  bags,  had  equal  or 
higher  compressive  strengths  at  all  ages  than 
the  reference  mix  with  a  cement  content  of 
6  bags.  Concretes  containing  5.25  bags  of 
cement  which  were  prepared  with  each  of 
two  retarders  had  air  contents  of  more  than 
8  percent  and  had  lower  compressive  strengths 
than  the  6-bag  nonretarded  concrete.  In- 
creases in  compressive  strengths  of  the  other 
23  retarded  concretes  were  from  2  to  15 
percent    at    an   age  of  365  days. 

•  Flexural  strengths  of  6-bag  retarded  con- 
cretes, of"  less  than  S  percent  air  content, 
were  from  2  to  18  percent  higher  at  an  age 
of  7  clays  than  the  reference  mix  flexural 
strength.  At  28  days,  the  strengths  of  con- 
crete containing  20  of  the  retarders  were 
greater  than  the  strengths  of  nonretarded 
concrete.  The  flexural  strengths  of  the 
specimens  which  had  been  moist  cured  for 
15  months  were  up  to  9  percent  greater  for 
concretes  prepared  with  each  of  14  retarders, 
and  from  1-10  percent  lower  for  10  retarders 
than  the  strengths  of  the  reference  mix.  The 
flexural  strengths  at  all  ages  for  the  retarded 
concretes  containing  over  8  percent  entrained 
air  were  lower  than  the  nonretarded  concrete. 

•  Flexural  strengths  of  concretes  of  reduced 
cement  contents  (5.25  to  5.75  bags  per  cubic 
yard)  prepared  with  each  of  17  retarders  were, 
at  7  days,  equal  to  or  greater  than  that  of 
the  6-bag  nonretarded  concrete.  At  28  days, 
concretes  prepared  with  each  of  0  retarders 
showed  increased  strengths.     When  compared 
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with  the  strength  of  6-bag  concrete,  7  sam- 
ples showed   reductions  of  2-3  percent  at  7 

days    and     16    samples    showed    reductions    of 
1-12   percent    in   flexural   strength   at    28   days. 

•  The  sonic  moduli  of  elasticity  for  con- 
cretes of  6-bag  retarded  concrete  (excluding 
the  retarder  with  the  high  air  content)  were 
higher  at  7  and  28  days  than  the  moduli  of 
corresponding  nonretarded  concrete  for  all  but 
one  retarder. 

•  The  sonic  moduli  of  elasticity  for  con- 
cretes of  reduced  cement  content  (5.25  to 
5.75  ha^s)  with  each  of  24  retarders  were 
equal  to  or  higher  than  the  moduli  of  non- 
retarded  concrete  of  6-bag  cement  content 
except  in  3  samples.  Values  for  static 
modulus  of  elasticity,  however,  were  generally 
lower  than  those  that  were  determined 
sonically. 

•  In  22  cases  of  6-bag  retarded  concrete, 
delayed  vibration  increased  the  compressive 
strengths  at  28  days  over  that  of  the  non- 
vibrated  concrete.  The  28-day  compressive 
strength  of  retarded  concrete  with  a  con- 
lent  of  less  than  6  bags  was  equal  to  or 
greater  than  the  corresponding  nonvibrated 
concrete.  The  effect  of  delayed  vibration 
on  28-day  flexural  strength  was  not  as  bene- 
ficial as  on  compressive  strength  possibly 
due  to  the  method  of  vibration  employed. 
Vibration  increased  the  density  of  retarded 
concrete  and  a  reduction  of  entrained  air 
probably  occurred. 

•  Shrinkage  due  to  a  loss  of  moisture  was 
slightly  greater  with  some  retarded  concretes 
than  for  the  nonretarded  mix.  After  201) 
days  of  storage  in  dry  air,  reductions  in 
length  of  0.044  to  0.04!)  percent  for  6-bag 
nonretarded  concrete  and  0.039  to  0.050 
percent  for  retarded  concrete  were  obtained. 
The  increase  in  length  of  retarded  concretes 
during  200  days  of  continuous  moist  storage 
was  generally  only  slightly  greater  than  that 
for  concrete  prepared  without  a  retarder. 

•  Relative  durability  factors,  the  per- 
centage ratios  of  the  durability  factor  of  the 
retarded  concrete  to  the  durability  factor  of 
nonretarded  concrete,  for  6-bag  retarded 
concretes,  when  frozen  and  thawed  in  water, 
were  01,  70,  and  80  with  the  use  of  3  lignosul- 
fonates  and  were  01  or  greater  for  the  other 
22  retarders.  Relative  durability  factors  for 
retarded  concrete  having  a  cement  content 
of  5.25  to  5.75  bags  varied  from  75  to  8(5  for 
5  lignosulfonates  and  were  00  or  greater  for 
the  other  20  retarders. 

•  The  average  absorptions  at  28  days  for  the 
nonretarded  mix  were  5.0,  5.8,  and  5.5  percent 
for  the  top,  middle,  and  bottom  sections, 
respectively,  of  a  (i-  by  12-inch  cylinder.  For 
retarded  concretes  in  ti-  by  12-inch  cylinders, 
average  absorptions  at  28  days  were  5.7,  5.5, 
and  5.0  percent  for  the  top,  middle,  and 
bottom  sections  when  an  organic  acid  retarder 
was  used,  and  were  5.5,  5.5,  and  5.0  percent, 
respectively,  when  lignosulfonates  were  used. 
In  general,  the  weight  per  cubic  foot  of  the 
retarded  concretes  was  only  slightly  higher 
than  the  weigh!  of  the  corresponding 
nonretarded  mix. 
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Figure  12. — Effects  qf  retarder  on   temperature  rise  of  mortar  made  and  stored  at  90 


•  For  0  of  the  19  lignosulfonates,  the  same 
amount  of  retarder  caused  a  retardation  of 
about  2'..  hours  (at  500  p.s.i.  Proctor  pene- 
tration) whether  the  concrete  was  prepared 
at  a  temperature  of  73°  or  90°  F.  For  all 
other  retarders,  more  material  was  required 
to  retard  the  concrete  prepared  at  a  tem- 
perature of  90°  than  at  a  temperature  of  73° 
F.  This  increase  in  the  amount  of  retarder 
needed  varied  from  33  to  75  percent  for  the 
organic  acids,  from  5  to  37  percent  for  the 
lignosulfonates,  other  than  the  6  mentioned 
above,  and  was  27  percent  for  the  single 
carbohydrate  retarder.  All  retarded  concrete 
samples  except  one  developed  a  final  hardening 
(4,000  p.s.i.  Proctor  penetration)  at  a  tem- 
perature of  90°  F.  in  approximately  7  to  8 
hours.  Concrete  prepared  with  the  other 
retarder  became  hard  at  some  time  between 
9  and  24  hours. 

•  Concrete  prepared  with  24  retarders  at 
90°  F.  (omitting  retarder  No.  22)  had  a  3-day 
compressive  strength  that  was  from  1  to  46 
percent  greater  than  the  strength  of  the 
nonretarded  mix.  With  the  use  of  2  retarders, 
28-day  compressive  strengths  of  96  and  99 
percent  of  the  strength  of  the  reference  mix 
were  obtained  but  the  other  22  retarders 
caused  strength  increases  of  from  8  to  28 
percent. 

•  An  overdosage  of  4  times  the  normal 
amount  of  each  retarder  required  to  obtain 
a  retardation  of  2}i  to  3  hours  caused  setting 
times  of  23  hours  to  over  150  hours  at  a 
Proctor  penetration  pressure  of  4,000  p.s.i. 
Of  5  Iignosulfonate  retarders  used,  3  caused 
air  contents  of  over  8  percent  and  the  other 
2    required   the   addition   of   Vinsol    resin    for 
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entrainmenl  of  5  percent  air.  Setting  tin 
of  concrete  for  the  overdose  of  the  carbc 
hydrate  retarder  was  23  hours  at  a  Proctc 
penetration  pressure  of  4,000  p.s.i.  Settinl 
time  of  concretes  (4,000  p.s.i.)  with  the  i 
organic  acid  retarders  varied  from  48  houi 
to  over  150  hours. 

Compressive   strengths   at   7   and   28  daj 
obtained  for  concretes  with  an  overdosage 
retarders    were    as    follows:    Three    lignosu 
fonates  (Nos.  3,  7,  and  11),  which  entrain! 
more  than  8  percent   air,  were  less  than  th, 
strength   of   tin:    reference    concrete.     At    | 
age   of   28   clays,    the   reductions    in    strenj 
were    from     10-49    percent.     Three    organl 
acid  retarders    (Nos.   4,    5,    and  6)    were   le- 
than   the   strength   of   the  reference   concret 
after   7   days,   but    were  3-27  percent    high 
after  28  days.     A  fourth  organic  acid  retard 
(NTo.    9)    caused    increases    in    strength    of 
percent  at  7  days  and  15  percent  at  28  day 
The    carbohydrate    sample    (No.    1)    cause 
increases  in  strength  over  the  reference   mi 
of  19  percent  at  7  days  and  12  percent  at  2 
days. 

•  Only  retarder  No.  24  caused  concrete  t 
have  a  maximum  rise  in  temperature  signit 
cantly  higher  than  that  of  nonretarded  cot 
crete  made  and  stored  at  73°  F.  Developing 
of  the  maximum  temperature  of  the  othc 
samples  tested  occurred  approximately  1 
hours  later  than  in  the  concrete  without 
retarder. 

In    tests    of    mortar    specimens    made    an 
stored  at  a  temperature  of  90°  F.,  again  on] 
retarder  No.  24  caused  the  maximum  rise  i 
(Conlimied  on  page  154) 
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Recommended  Specification  for  Water-Reducing  Retarders 

for  Portland  Cement  Concrete 


General 

When  required  by  specifications,  or  special 
H'ovisions,  or  permitted  by  the  engineer  on 
written  request  from  the  contractor,  an 
ipproved,  set-retarding  admixture  that  meets 
he  requirements  herein  specified  shall  be 
idded  to  the  concrete. 

I.  Admixtures 

The  admixture  may  be  in  liquid  or  powder 
orm,  and  of  one  of  the  following  types:  ' 

A.  A  calcium,  sodium,  potassium,  or 
Linmonium  salt  of  lignosulfonic  acid. 

B.  A  hydroxylated  carboxylic  acid  or  its 
alt. 

C.  A  carbohydrate. 

II.  Acceptance     Requirements     for     Ap- 
proval of  Admixtures 

A.  Source  of  test  data  for  approval  of  a<l uns- 
ure.— Data  from  a  recognized  laboratory  that 
how  the  water-reducing  retarding  admixture 
lonforms  to  the  following  requirements  in  this 
ection  shall  be  submitted.  A  "recognized" 
iboratory  is  any  State  highway,  Bureau  of 
public  Roads,  or  cement  and  concrete  labo- 
!atory,  inspected  regularly  by  the  Cement 
teference  Laboratory  of  the  American  So- 
iety  for  Testing  Materials. 

B.  Type  of  test  data. — The  test  data  shall  be 
btained  by  the  use  of  concreting  materials 
nd  by  methods  that  meet  the  requirements  of 
urrent  standards  of  the  American  Association 
f  State  Highway  Officials   (AASHO)  or  the 

American  Society  for  Testing  Materials 
ASTM)  as  listed  in  section  V  of  this  specifica- 
ion. 

C.  Mix  requirements. — The  properties  of 
etarded  concrete  prepared  with  the  admixture 
inder  test,  shall  be  compared  with  those  of  a 
eference  concrete,  which  contains  the  same 
ement  and  aggregates,  without  retarder,  and 
'.as  the  following  composition: 

Cement  content — 6.0 ±0.1   bags  per 

cubic  yard: 
Air  content — 5. 5 ±0.5  percent; 
Slump — 2)'>±1'i  inches; 
Fine  aggregate,  by  solid  volume  of 
total  aggregate — 36  to  41  percent. 
C— 1.     The  mixes  of  concrete  containing  the 
tarder  shall  have  an  air  content  of  5  to  7 
ercent,  inclusive.     An  approved  air-entrain- 
ig  admixture  shall  be  used  if  the  retarder  does 
ot  entrain  sufficient  air. 

C-2.  A  sufficient  amount  of  retarding  ad- 
mixture shall  be  used  to  cause  an  increase  of 
0  to  60  percent  in  setting  time  over  the  set  ling 
ime  of  the  reference  mix.     The  setting  time 


1  Other  types  of  retarders  may  become  available. 
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for  both  mixes  shall  be  determined  using  a 
Proctor  penetration  pressure  of  500  pounds 
per  square  inch  atatemperal  ureof  73.4  ±3°  F. 
for  the  concretes  and  ambienl  air-. 

D.  Required  properties  of  retarder. — When 
added  to  concrete  in  powder  or  liquid  form, 
in  the  manner  prescribed  by  its  manufacturer 
or  marketer  and  in  sufficient  amount  to  retard 
the  setting  time  50  to  60  percent,  the  re- 
tarding admixture  shall  cause  the  concrete  to 
have  the  following  properties  in  comparison 
with  those  of  the  reference  concrete. 

D— 1.  When  the  test  and  reference  concrete 
have  equal  cement  content  and  equal  slump: 

(a)  The  water  content  shall  be  decreased 
at  least  5  percent  . 

(b)  The  air  content  of  the  retarded  con- 
crete, with  or  without  an  air-entraining  ad- 
mixture, shall  not  exceed  7  percent; 

(c.l)  The  compressive  strength  at  ages  of 
3,  7,  and  28  days  shall  be  increased  at  least  10 
percent; 

(c.2)  For  concrete  to  be  used  in  pavement, 
the  flexural  strength  shall  not  be  reduced  at 
an  age  of  7  days;  at  an  as<e  of  28  days,  the 
flexural  strength  shall  not  be  reduced  more 
than  5  percent; 

(d)  The  relative  durability  factor  for  the 
freezing  and  thawing  test  shall  not  be  less 
than  80; 

(e)  The  drying  shrinkage  at  200  clays,  after 
2  days  initial  moist  curing,  shall  not  increase 
more  than  0.01  percentage  points  over  the 
shrinkage  of  the  nonretarded  concrete. 

D-2.  When  the  test  concrete  has  a  reduced 
cement  content  of  \i  bag  per  cubic  yard  but 
the  same  slump  as  the  reference  concrete: 

(a)  The  compressive  strength  at  ages  of 
3,  7,  and  28  days  shall  not  be  reduced; 

(b)  The  air  content  of  the  retarded  con- 
crete, with  or  without  an  air-entraining  ad- 
mixture, shall  not  exceed  7  percent; 

(c)  The  flexural  strength  shall  not  be  re- 
duced more  than  5  percent  at  an  age  of  7  days 
nor  more  than  10  percent  at  an  age  of  28  da\  - . 

(d)  The  relative  durability  factor  for  the 
freezing  and  thawing  test  shall  not  be  less 
than  80. 

IV.  Performance  Reqiirements 

When  a  contractor  proposes  to  use  an  ap- 
proved water-reducing  retarding  admixture 
he  shall  submit  a  certificate  stating  that  the 
admixture  is  identical  in  composition  with  the 
sample  that  was  used  for  the  acceptance  tests. 
If  the  admixture  varies  in  concentration  from 
the  acceptance  sample,  a  certificate  will  be 
required  stating  that  the  product  is  essentially 
the  same  for  chemical  constituents  as  the 
approved  admixture,   and  that  no  other  ad- 


mixture or  chemical  has  been  added.  lather 
prior  to  or  at  any  time  during  construction, 
the  engineer  may  require  the  selected  admix- 
ture to  be  tested  further  to  determine  its 
effect  on  l  he  strength  of  the  concrete.  When 
so  tested,  3-  and  7-day  compressive  strengths 
or  7-day  flexural  strengths  of  the  concrete, 
made  with  the  admixture  and  specified  cemenl 
and  aggregates,  in  the  proportions  to  bo  used 
or  being  used  on  the  job,  shall  meet  the  re- 
quirements of  Section  III  D  for  cither  equal 
cement  content  or  reduced  cement  content. 
A  reference  mix  of  equal  or  higher  cement  con- 
tent, without  the  retarder,  shall  be  made  and 
tested  with  the  concrete  containing  the  re- 
tarder as  a  basis  for  comparison. 

The  strength  relations  shall  be  calculated 
on  the  results  of  at  least  5  standard  6-  by 
12-inch  cylinders  or  5  standard  6-  by  6-  by 
21-inch  beams,  made,  cured,  and  tested  in 
accordance  with  the  current  AAS1K  >  Methods 
T  22,  T  97,  and  T  126,  for  each  class  of  con- 
crete at  each  age  of  test. 

V.  Applicable  Specifications 

A.  AASHO  specification  M  85  for  portland 
cement,  type  I  or  II. 

B.  AASIK)  specification  M  6  for  fine  aggre- 
gate for  portland  cement  concrete. 

C.  AASHO  specification  M  80  for  coarse 
aggregate  for  portland  cement  concrete. 

D.  AASHO  specification  M  154  for  air- 
entraining  admixtures  for  concrete. 

E.  AASHO  method  T  126  for  making  and 
curing  concrete  compression  and  flexure  tesl 
specimens  in  the  laboratory. 

F.  AASHO  method  T  lit)  for  slum])  test 
for  consistency  of  portland  cement   concrete. 

G.  AASHO  method  T  152  for  air  content 
of  freshly  mixed  concrete  by  the  pressure 
method. 

H.  ASTM  method  O  403  for  rate  of  harden- 
ing of  mortars  sieved  from  concrete  mixtures 
by  Proctor  penetration  resistance  needles. 

I.  AASHO  method  T  121  for  weight  per 
cubic  foot,  yield,  and  air  content  (gravimetric) 
of  concrete. 

J.  AASHO  method  T  22  for  compressive 
strength  of  molded  concrete  cylinders. 

K.  AASHO  method  T  97  for  flexural 
strength  of  concrete  (using  simple  beam  with 
third-point  loading). 

L.  AASHO  method  T  160  for  volume 
change  of  cement  mortar  or  concrete. 

M.  AASHO  method  T  161  for  resistance  of 
concrete  specimens  to  rapid  freezing  and 
thawing  in  water. 

N.  ASTM  method  C  215  for  fundamental 
transverse,  longitudinal,  and  torsional  fre- 
quencies of  concrete  specimens. 
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Water-Reducing  Rctarders 
for  Concrete- 
Physical  Tests 

{Continued  from  page  152) 
temperature  to  exceed  that  of  mortar  pre- 
pared without  a  retarder.  Except  for  retarder 
No.  5,  which  developed  its  maximum  tem- 
perature of  10(i°  F.  at  (wo  different  times, 
the  other  retarders  reached  their  maximum 
temperatures  3-8  hours  later  than  did  the 
nonretarded  mortar  mix. 
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Motor  Vehicle  Size 
and  Weight  Limits 


A  comparison  of  State  legal  limits  of  motor- 
vehicle  sizes  and  weights  with  standards 
recommended  by  the  American  Association 
of  State  Highway  Officials  is  given  in  the  table 
on  pages  140-141.  The  statutory  limits  re- 
ported in  this  tabulation,  prepared  by  the 
Bureau  of  Public  Roads  as  of  July  1,  1960, 
have  been  reviewed  for  accuracy  by  the  appro- 
priate State  Officials. 

Statutory  limits  are  shown  for  width,  height, 
and  length  of  vehicles;  number  of  towed 
units;  maximum  axle  loads  for  single  and 
tandem  axles;  and  maximum  gross  weights 
for  single-unit  truck,  truck-tractor  semitrailer 
combinations,  and  other  combinations. 

Editors  note:  For  those  who  have  received 
distribution  of  this  table  prior  to  this  issue, 
please  note  the  following  corrections  in  foot- 
note references:  In  the  entries  for  Maryland 
and  Ohio,  the  footnote  numbers  31  and  44 
should  be  deleted  from  the  column  "Axle 
load-pounds,  Tandem,  Statutory  limit";  in 
the  entry  for  North  Dakota,  footnote  reference 
44  should  be  added  in  the  "5-axle"  and  "Other 
combination"  columns  under  the  heading 
"Practical  maximum  gross  weight." 


New  Publications 


Three  new  publications  by  the  Bureau  of 
Public  Roads  are  now  available  from  the 
Superintendent  of  Documents,  Government 
Printing  Office,  Washington  25,  D.C. 

Highway  Transportation  Criteria  in  Zoning 
Law,  dealing  with  the  zoning  law  as  it  relates 
to  highways  is  available  at  35  cents  a  copy. 
This  publication  consists  of  two  articles. 
The  first  article,  Highway  Transportation 
Criteria  in  Zoning  Law,  presents  a  compre- 
hensive annotation  of  court  decisions  and 
statutory  law  dealing  with  the  use  of  zoning 
powers  to  promote  traffic  and  transportation 
objectives  without  hindering  progress  toward 
achievement  of  overall  land-use  planning 
goals.  The  article  relates  the  extent  and 
nature  of  judicial  application  of  existing 
highway  transportation  criteria,  and  then 
suggests  new  criteria,  for  consideration  by  the 
courts  in  handling  zoning  actions.  Finally, 
the  article  recommends  ways  and  means  to 
obtain  judicial  acceptance  of  new  criteria. 
Included  is  a  summary  of  pertinent  State 
zoning  enabling  legislation  and  a  number  of 
suggested  zoning  ordinance  provisions. 

The  second  article  presented  in  this  publi- 
cation,   Police    Power   anil   Planning    Controls 
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for  Arterial  Streets,  suggests  application  of 
regulatory  and  zoning  measures  to  traffic 
problems  on  urban  arterial  streets.  A  Wash- 
ington, D.C,  arterial  street  is  used  to  illus- 
trate the  conflicting  purposes  and  certain 
manifestations  of  deterioration  sought  to  be 
remedied  through  the  utilization  of  the  police 
powers,  access  control  provisions,  and  land-use 
and  planning  controls. 

The  second  publication  available  which 
may  be  purchased  at  20  cents  a  copy  is  a 
revised  edition  of  The  Identification  of  Rock 
Types. 

In  selecting  the  best  rock  for  use  in  different 
types  of  highway  construction,  in  planned 
locations  of  roads  and  bridges,  and/or  in 
locating  sources  of  aggregates,  highway 
engineers  must  be  able  to  identify  types  of 
rocks  in  the  field  without  elaborate  equipment. 
This  publication,  which  revises  and  expands 
the  original  edition  of  1950,  provides  a  simple 
method,  suitable  for  field  use,  for  the  identifi- 
cation of  the  different  types  of  rocks.  The 
Identification  of  Rock  Types  will  also  be  of 
great  use  to  many  other  engineers,  students, 
and  other  persons  interested  in  this  subject 
or  whose  work  requires  a  limited  practical 
knowledge  of  geology. 

Also  available  is  the  publication  entitled 
Road-User    and    Property    Taxes    on    Selected 


Motor  Vehicles,  I960.  The  38-page  bulletin 
reports  the  motor-fuel  taxes,  passenger  car 
and  truck  fees,  and  other  road-user  taxes  and 
the  property  taxes  (where  available)  that 
would  be  paid  on  each  of  13  selected  typical 
vehicles,  ranging  from  passenger  cars  to 
heavy  truck-trailer  combinations.  Assuming 
certain  conditions,  such  as  annual  miles 
traveled,  this  bulletin  reports  the  amount  of 
taxes  paid  in  each  State  under  the  tax 
schedule  in  effect  on  January  1,  1960. 

The  publication  has  the  same  objectives  as 
the  three  previous  reports  discussing  taxes 
on  selected  motor  vehicles,  the  last  of  which 
was  published  in  Public  Roads  in  August 
1956. 

The  new  study  supplies  basic  data  on 
road-user  taxes  as  of  January  1,  1960,  and 
shows  the  relation  of  those  taxes  to  property 
taxes  levied  on  motor  vehicles.  A  second 
objective  of  the  study  was  to  permit  a  com- 
parison of  the  road-user  taxes  of  each  State 
with  those  of  other  States  on  similar  vehicles 
and  similar  services. 

Road-  User  and  Property  Taxes  on  Selected 
Motor  Vehicles,  1960,  may  be  purchased  from 
the  Superintendent  of  Documents,  Govern- 
ment Printing  Office,  Washington  25,  D.C, 
at  30  cents  a  copy. 
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Traffic  Approaching  Cities 


BY  THE  HIGHWAY  PLANNING  DIVISION 
BUREAU  OF  PUBLIC  ROADS 


Reported  by  WALTER  G.   HANSEN, 
Highway  Research  Engineer 


This  article  is  an  extension  of  ivork  pre- 
viously done  on  the  subject  of  the  distribu- 
tion of  traffic  approaching  cities.  It  con- 
firms previous  findings  on  the  distribution 
of  through  and  central  business  district 
traffic  and  presents  the  results  of  an  exami- 
nation concerning  the  stability  of  these 
traffic  distributions  over  a  period  of  years. 
In  addition,  it  analyzes  the  distribution  of 
approaching  traffic  to  various  concentric 
rings  about  the  city  center  and  draws 
several  conclusions  concerning  the  general 
nature  of  highway  facilities  required  to 
serve  this  traffic. 

INFORMATION  concerning  the  proportion 
of  traffic  bound  to  and  beyond  cities  was 
first  published  by  the  Bureau  of  Public  Roads 
in  1944.1  This  information  has  since  been 
revised  and  expanded  to  show  the  proportion 
of  such  traffic  destined  to  the  central  business 
district  (cbd)  as  well  as  the  proportion  of 
through  traffic,  and  has  appeared  in  numerous 
publications  during  the  past  decade.  The 
,fact  that  the  proportion  of  through  traffic 
varies  inversely  with  city  size  is  now  well 
recognized  and  has  been  a  major  influence  on 
policy  decisions  regarding  circumferential 
routes  around  cities. 

In  view  of  the  increasing  traffic  problems 
in  urban  areas  and  the  relatively  high  ex- 
penditures required  for  the  construction  of 
■urban  expressways  and  arterials,  it  is  espe- 
cially desirable  to  reexamine  available  data  to 
provide  up-to-date  and,  if  possible,  additional 
items  of  information  concerning  the  composi- 
tion of  traffic  approaching  cities. 

Source  Material 

This  analysis  is  based  on  traffic  informa- 
tion for  193  cities.  These  data,  summarized 
in  table  1,   were  obtained  from  studies,   con- 


1  Interregional  Highways,  H.  Doc.  No.  379,  January  1944. 
|3ee  fig.  29  and  table  14,  p.  60. 


ducted  by  the  several  State  highway  depart- 
ments, which  obtained  the  origin  and  desti- 
nation of  traffic  crossing  a  cordon  line  around 
each  of  the  urban  areas.  In  general,  the 
cordon  lines  were  located  at  the  periphery  of 
the  contiguous  urban  development.  Although 
there  was  undoubtedly  some  intraurban  or 
commuter  traffic  crossing  the  cordon  lines  as 
a  result  of  scattered  residential  development 
outside  of  the  study  areas,  the  proportion  of 
such  traffic  was  considered  to  be  small  and 
therefore  the  preponderance  of  the  traffic 
studied  was  intercity  or  rural-urban  in 
character. 

The  cities  used  in  this  examination  varied 
in  size  from  Davis,  Okla.,  with  a  population 
of  1,700,  to  the  Detroit,  Mich.,  metropolitan 
area  with  a  population  of  approximately  3 
million.  The  distribution,  by  size,  of  the 
cities  used  in  this  study  is  shown  in  table  1. 
City  size  is  based  on  an  estimate  of  the  num- 
ber of  people  residing  within  the  cordon  area 
at  the  time  the  traffic  surveys  were  conducted. 
The  cities  were  well  distributed  throughout 
the  country  and  the  results  of  this  analysis 
are  believed  to  be  representative  of  average 
conditions. 

The  dates  at  which  the  individual  traffic 
surveys  were  conducted  varied  from  1944  to 
1954.  A  previous,  unpublished  examination 
of  traffic  information  for  367  cities  indicated 
that  there  were  no  significant  trends  in  the 
distribution  of  traffic  approaching  cities;  that 
is,  the  proportions  of  traffic  destined  to  and 
beyond  cities  within  each  population  group 
remained  stable  over  the  10-year  period,  from 
1944  to  1954.  A  summary  of  the  findings  of 
this  examination  is  shown  in  table  2. 

Based  on  the  findings  of  the  examination, 
the  data  used  in  the  remainder  of  this  analysis 
were  aggregated  without  regard  to  date  of 
survey.  Furthermore,  it  is  felt  that  the 
characteristics  of  traffic  approaching  cities  as 
presented  in  this  report  are  fairly  represent- 
ative of  existing  traffic  patterns. 


Table  2. — Proportion   of  total   approaching 
traffic  which  passes  through  a  city  ' 


Percentage  of  through  traffic  by 
year  of  survey 

Population  group 

1 ' t lot    tO 

1945 

I'm;  19 

1950-54 

Average 
of  all 

surveys 

0-5.(1(10 .  .. 

5,0(10  lo.ooii 
lo.iioii  25,000.  _ 
25.000-50,000 

54 
41 

:il 
20 

48 
34 
33 

25 

5(1 
50 
37 
26 

49 
42 
35 
25 

50,000   loo, i. 

100,000-250,000... 

Over  250.000 

13 
1.'. 
10 

23 
17 
9 

18 
21 
10 

19 
17 
9 

i  Based  on  an  analysis  of  traffic  approaching  367  cii  ies. 

It  should  be  pointed  out  that  the  various 
presentations  in  this  report  represent  average 
or  overall  conditions  and  are  not  necessarily 
applicable  to  any  specific  city.  Considerable 
variation  about  these  average  conditions  was 
found  in  all  population  groups.  The  extent 
of  this  variation  is  illustrated  in  figure  1, 
which  shows  the  proportion  of  the  total 
approaching  traffic  which  passes  through  the 
individual  cities  The  curve  showing  the 
relationship  between  city  size  and  the  propor- 
tion of  through  traffic  is  a  freehand  line  based 
on  the  weighted  average  values  for  the  nine 
population  groups  shown  in  table  1.  For  the 
most  part  this  is  the  manner  in  which  the 
reported  relationships  were  developed. 

It  is  worth  noting  that  separate  analyses, 
not  presented  here,  were  performed  using  the 
data  for  the  cities  in  each  of  five  geographical 
regions.  Although  there  was  some  variation 
between  the  average  values  and  relationships 
found  in  the  several  regions,  the  deviation  of 
the  individual  cities  about  the  average  values 
was  not  significantly  improved. 

The  Analysis 

The  distribution  pattern  of  highway  traffic 
approaching  cities   is   shown   in   figure  2.     It 


Table  f . — Summary  of  traffic  approaching  193  cities 


Population  group 

Number 
of  cities 

A  verage 
city  size 

Average  daily  traffic  per  city 

All  roads 

Interstate  system  routes 

Other  roads 

Total 

Through 

CBD 

Other 
local 

Total 

Through 

CBD 

Other 
local 

Total 

Through 

CBD 

Other 
local 

0-5,000  

11 
29 
43 
36 
25 

31 
6 
9 
3 

3,130 

7.800 

16,  270 

35,  780 

7s.  790 

139,500 

376,  700 

741,300 

1,  653,  000 

7,290 
8,630 
11,740 
16.  600 
24.  600 

32.  930 

43.  370 
63.  470 
126,920 

3, 930 
4,520 
4,520 
4,430 
5,340 

5.  890 
1,660 

5.470 
13.  030 

1.670 

2.  040 

3.  050 

4.  110 
5,320 

6,650 
9,260 
7,910 

12,110 

1,690 

2.070 
4.  170 
8,060 
!3.  940 

20.390 
2'.'.  150 
.Mi.  0' id 
101.780 

5.  320 
4,  730 
0.310 
7,490 
9,  020 

11,490 

17,010 

'.1.050 
27.120 

3.210 
2,710 

•J.  (ISO 

2,590 
2,820 

3,010 

2,250 
2.  430 
4,040 

1.120 

9911 

1,440 

1,850 

1.910 

2,200 
3.  790 
2,920 
2,620 

990 
1,030 

1.890 

1,290 

6,280 

10.970 
19,300 

20.  700 

1.970 

3.900 
5,  130 
9.  lid 
15,580 

21,  no 
26,360 
38,820 

99,  500 

720 
1,810 
1,540 
1,840 
2,520 

.'.SMI 

2,410 

3.IM0 

8,990 

550 
1.050 
1.010 
2.  2(111 
3,410 

4,450 

5.  170 
4,990 
9,  490 

700 
I. 040 
2,280 

5,010 

",',.ii 

14. '10 

IS,   ISO 

30,  790 
81,020 

5,000-10.000 

10.000-25.000 

25.OOO-5O.O00 

50.000-100.000.. 

100.000-250,000 

250,000-500,000 

500,000-1,000.000 
Over  1,000,000. 
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Figure  1. — Percent  of  traffic  passing  through  a  city. 
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Figure  2. — Distribution  of  traffic  approaching  cities. 


will  be  noted  that  in  cities  of  more  than  40,000 
population  over  one-half  of  the  total  approach- 
ing traffic  was  destined  to  local  areas  other 
than  the  cbd.  In  urban  areas  of  1  million 
population,  approximately  three-quarters  of 
the  total  traffic  was  in  this  category.  This 
traffic  is  obviously  of  major  significance  to 
highway  and  transportation  planning  in 
medium  and  larger  size  cities. 

In  order  to  obtain  a  better  understanding 
of  the  distribution  pattern  of  this  type  of 
traffic,  detailed  analyses  were  made  of  the 
traffic  approaching  11  cities.  These  cities 
were  selected  on  the  basis  of  obtaining  a  range 
in  population  size  and  on  the  availability  of 
data. 

Each  of  the  11  cities  was  divided  into  4 
concentric  areas,  rings  1-4.  These  ring  areas 
were  centered  on  the  cbd,  each  with  a  width 
of  one-fourth  of  the  average  distance  between 
the  cbd  and  the  cordon  line.  The  proportion 
of  the  approaching  traffic  with  destinations 
in  each  of  these  ring  areas  was  then  deter- 
mined for  each  city.  The  pattern  is  illus- 
trated for  a  typical  metropolitan  area  of  1 
million  population  in  figure  3. 

The  results  of  this  analysis  are  shown  in 
figure  4.  The  percentage  of  the  approaching 
traffic  with  local  destinations  to  the  area 
bounded  by  each  ring  is  shown  for  each  of  the 
individual  cities.  As  would  be  expected, 
there  was  considerable  variation  in  results 
obtained  in  the  11  cities;  however,  when 
arranged  by  city  size,  as  they  are  in  figure  4, 
the  individual  points  produced  a  definite 
pattern.  As  city  size  increased,  the  propor- 
tion of  the  total  traffic  destined  to  the  inner 
concentric  area,  ring  1,  decreased;  correspond- 
ingly, rings  2,  3,  and  4  attracted  an  increasing 
proportion   of  the   total   trips.     This   general 


Figure  .1. — Distribution  of  traffic  approach- 
ing a  typical  metropolitan  area  of  1 
million  population. 
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pattern  is  approximated  by  the  lines  in  figure 
4  delineating  the  relative  trip  attraction  of 
the  various  rings. 

The  proportion  of  traffic  destined  to  the 
innermost  ring  decreased  from  about  60  per- 
cent for  cities  of  100,000  population  to  20 
percent  in  cities  of  3  million  population.  The 
proportion  of  traffic  destined  to  ring  2  tended 


to  be  relatively  stable,  increasing  from  25 
percent  to  about  40  percent  over  the  same 
population  range.  The  traffic  attracted  to 
the  outer  areas,  rings  3  and  4  combined, 
increased  from  15  percent  to  slightly  more 
than  40  percent.  This  distribution  of  traffic 
with  local  destination  to  the  various  rings  was 
used    to    modify    the    information    shown    in 
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Figure  4. — Local  destinations  of  traffic  approaching  cities. 
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figure  2.  The  adjusted  chart,  indicating  the 
distribution  of  local  as  well  as  through  traffic, 
is  shown  in  figure  5. 

The  proportion  of  through  traffic,  of  course, 
remains  as  shown  in  figures  1  and  2.  The 
major  point  revealed  by  figure  5  is  the 
dominance  of  ring  1  (with  the  exception  of  the 
smallest  and  largest  cities),  which  includes  the 
cbd,  as  an  attractor  of  traffic  from  outside  the 
city.  In  cities  between  10,000  and  100,000, 
this  area  was  the  destination  of  almost  one- 
half  of  the  total  approaching  traffic.  As  city 
size  increased  to  1  million,  this  area  remained 
J  the  single  most  important  attractor,  although 
I  the  proportion  decreased  to  about  one-third 
of  the  approaching  traffic. 

It  is  also  significant  to  note  the  increasing 

proportion    of    trips    destined    to    the    outer 

I  areas,    rings    3    and    4,    in    the    larger    cities. 

These  areas  were  the  destination  of  almost 

[i  one-third  of  the  total  traffic  approaching  cities 

of  1  million  or  more. 

The    proportional     distribution     of    traffic 
shown  in  the  figures  so  far  presented  could  be 
somewhat  misleading;  therefore,  this  same  dis- 
tribution is  presented  in  figure  6  in  terms  of 
I  the    actual    volumes    of    vehicles    involved. 
i   This  figure  shows  that  the  total  approaching 
I  traffic    increased    quite    rapidly    as    city    size 
increased;  however,  the  bulk  of  this  increase 
was   made   up   of   vehicles   with   destinations 
within     the     city.     The     actual     volume     of 
t  through    traffic    remained    relatively    stable, 
|  increasing  only  gradually  with  city  size.     The 
I  volumes   of  traffic   destined   through   and   to 
each  of  the  local  areas  in  cities  of  various  sizes 
,   are  shown  in  the  left  side  of  table  3,  the  values 
[  being  taken  from  the  curves  in  figure  6. 

Traffic  on  the  Interstate  System 

A  final  examination  of  the  data  was  made  to 
I  determine  whether  or  not  the  traffic  on  roads 
I  in  locations  designated  as  Interstate  System 
I  routes    exhibited    characteristics    similar    to 
[  those  found  in  the  previous  analysis  of  the 
I  total  traffic  approaching  cities.     It  should  be 
I  pointed  out  that  at  the  time  of  the  origin- 
destination  surveys  on  which  this  analysis  is 
loased,  the  Interstate  program  had   not  yet 
oeen     started.     The     designated     Interstate 
outes  have  been  used  in  this  study  because 
.hey  provided  a  convenient  means  of  analyzing 
he    traffic    using    major    highway    facilities 
ipproaching    a    city,    as    distinct    from    all 
ipproaching  roads. 

While  the  same  pattern  of  a  decreasing 
proportion  of  through  traffic  with  increasing 
:ity  size  was  noted  on  the  Interstate  routes, 
he  proportion  of  through  traffic  tended  to  be 
lightly  larger  on  Interstate  routes  than  on 
ither  roads,  throughout  the  range  of  city 
izes.  Stated  in  a  slightly  different  manner, 
he  Interstate  routes  carried  a  larger  propor- 
ion  of  the  total  through  traffic  approaching 
ities  than  they  did  of  the  total  traffic  with 
Deal  destinations.  The  percentage  of  each 
ype  of  traffic  carried  by  the  Interstate  routes, 
>y  city  size,  is  shown  in  figure  7. 

As  shown  in  figure  7,  the  proportion  of  the 
otal  of  each  type  of  traffic  that  is  carried  by 
he  Interstate  routes  decreased  as  city  size 
Increased.     For  example,   in   cities  of   10,000 
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population  the  Interstate  routes  carried  a 
little  over  50  percent  of  all  traffic  approaching 
the  city  and  destined  for  the  cbd;  while  in 
cities  of  1  million  population  the  corresponding 
value  is  about  30  percent.  Thus,  although  the 
actual  volume  of  traffic  on  the  Interstate 
routes  approaching  cities  increased  with  city 
size,  the  rate  of  this  increase  was  much  lower 
than  that  shown  for  total  approaching  traffic 


in  figure  6.  The  average  volume  of  traffic  on  the 
Interstate  routes  approaching  cities  of  various 
sizes  is  shown  in  the  right  side  of  table  3,  the 
values  being  taken  from  figures  6  and  7.  Of 
particular  interest  is  the  fact  that  the  volume 
of  through  traffic  carried  by  the  Interstate 
routes  was  found  to  remain  almost  constant, 
at  approximately  3,000  vehicles  per  day, 
throughout  all  population  groups. 


Table  3. — Distribution  of  traffic  on  all  roads  and  on  Interstate  routes  approaching  cities  ' 


City  size 
(population) 

Average  daily  traffic  volumes 

All  roads 

Interstate  routes 

Total 

Through 

Ringl 

Km-  -' 

Ring  3 

Ring  4 

Total 

Through 

Ring  1 

Rings 

2.  3.  1, 

400 
2.110(1 
3,400 

io.  loo 

15,100 

10.000 

50,000 

100,000 

500,000 
1,000,000—- 

10. 000 
20. 000 

27.11011 
57.  000 
S2.00I1 

4,400 
5,000 
5,100 
6,  800 
7,400 

1,600 
9,  800 

12.400 
20,  500 

25.5110 

1,000 

3.  mo 

5.700 
15,4110 

2  I.I.IX1 

1,800 

2,  7(1(1 
9,200 
14.700 

1,100 
5,100 
9,800 

5,  700 

V.  Slid 

10,  800 
20,000 
26,200 

2,900 

2.  son 

2.  70(1 
3,10(1 

3,  200 

2,400 
4.0(1(1 
4,  700 
6,800 
7,900 

'  Estimated  from  figs.  6  and 
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Conclusions 

It  would  be  unwise  to  attempt  to  develop 
recommendations  regarding  the  need  for 
die  highway  facilities  on  the  basis  of  the 
traffic  patterns  shown  in  figures  5,  6,  and  7. 
In  the  first  place,  the  individual  cities  exhibited 
considerable  variation  from  the  calculated 
average  conditions;  second,  and  more  import- 
ant, many  factors  affecting  the  need  for  and 
desirability  of  a  specific  type  of  highway 
facility  serving  a  community  have  not  entered 
into  this  analysis  in  particular,  local  or 
intraurban  traffic  needs  have  not  been 
considered. 

However,  with  the  above  limitations  in 
mind,  the  information  presented  in  this  report 
warrants  several  statements  regarding  the 
general  nature  of  highway  facilities  needed  to 
serve  traffic  approaching  cities. 

As  city  size  increases  it  becomes  increasingly 
desirable  to  have  major  highway  routes  pene- 
trate  to   the   central   areas   of   the  cities.      The 


average  daily  volume  of  the  approaching 
traffic  destined  to  this  area  increases  from 
about  5,000  vehicles  in  cities  of  10,000  pop- 
ulation to  over  20,000  vehicles  in  cities  of 
500,000  population.  The  corresponding  vol- 
umes of  through  or  bypassable  traffic  increase 
from  about  4,000  vehicles  to  almost  7,000 
vehicles. 

It,  is  not  possible  to  pinpoint  the  city  size 
at  which  it  becomes  desirable  to  provide 
penetrating  as  opposed  to  bypass  routes.  It 
would  appeal-,  however,  that  in  the  majority 
of  cases  this  point  would  be  reached  in  cities 
of  between  25,000  and  50,000  population. 
In  cities  ranging  upward  in  size  from  8,000 
population,  the  proportion  of  approaching 
traffic  destined  to  the  central  area  is  greater 
than  the  proportion  of  bypassable  traffic; 
however,  the  actual  volumes  of  traffic  destined 
to  the  central  area  of  cities  with  under  25,000 
population  are  less  than  6,000  vehicles  per 
day.  In  most  cases,  volumes  of  this  magnitude 
would  not  justify  the  relatively  high  expendi- 
tures required  for  the  construction  of  major 


highway  facilities  to  the  central  areas. 

In  cities  of  over  50,000  population,  th( 
movement  to  the  central  area  constitutes  tin 
largest  single  proportion  of  the  total  approach 
ing  traffic.  In  terms  of  actual  volume  this 
movement  increases  from  about  10,000  ve- 
hicles per  day  for  cities  of  50,000  populatioi 
to  more  than  25,000  vehicles  per  day  it 
cities  of  1  million  or  more. 

As  city  size  exceeds  100,000  there  is  ar 
increasing  and  sizable  proportion  of  the  total 
approaching  traffic  destined  to  the  peripheral 
areas  of  the  city.  When  coupled  with  the 
through  traffic,  this  movement  would  seen 
to  warrant  consideration  of  a  circumferential 
route  to  act  as  a  distributor  for  the  traffic 
with  local  destinations  and  as  a  bypass  foi 
through  traffic.  The  through  traffic  plus 
that  local  traffic  with  destinations  in  peripheral 
areas  (rings  3  and  4)  constitutes  approximatelj 
40  percent  of  the  total  traffic  approaching 
cities  of  1  million  population,  an  average  daih 
volume  of  about  32,000  vehicles.  Penetrating 
routes  would,  of  course,  still  be  required. 


Estimated  Travel  by  Motor  Vehicles  in  1959 


BY  THE  HHiHWAY 
PLANNING  DIVISION 
BUREAU  OF  PUBLIC  ROADS 
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MOTOR-VEHICLE  TRAVEL  in  the 
United  States  in  1959  totaled  700.5  bil- 
lion vehicle-miles,  an  increase  of  5  percent  over 
the  travel  in  1958.  Total  travel  for  1960  is 
estimated  at  720  billion  vehicle-miles,  a  3- 
percent  increase  over  1959,  based  on  informa- 
tion for  the  first  11  months  of  the  year. 

The  travel  and  related  information  for  1959 
is  shown  in  table  1  by  road  system  and  vehicle 
type.  Data  for  Alaska,  and  Hawaii  are 
included  for  the  first  time,  and  a  separate 
tabulation  for  (he  48  contiguous  States  and 
the  District  of  Columbia  is  provided  for  con- 
tinuity with  data  published  for  preceding 
years.1 

The  proportions  of  travel  by  road  system 
and  by  vehicle  type  changed  little  from  1958 
to  1959.  Of  the  1959  travel,  40  percent  was 
performed  on  main  rural  roads  comprising  14 
percent  of  the  Nation's  total  of  3.5  million 
miles  of  roads  and  streets.  Another  46  per- 
cent of  the  travel  was  on  urban  streets,  which 
comprise  only  11  percent  of  the  total  mileage. 
Local  rural  roads  accounted  for  only  14  per- 
cent of  the  travel  but  make  up  75  percent  of 
the  total  mileage. 

Passenger  cars  represented  83  percent  of  the 
vehicles    and    performed    82    percent    of    the 


travel  in  1959.  Trucks  and  truck  combina- 
tions accounted  for  16  percent  of  the  vehicles 
and  17  percent  of  the  travel  while  similar 
figures  for  buses  were  less  than  1  percent. 

Average  vehicle  performance  in  1959 
differed  so  little  from  that  reported  for  1958 
that  the  changes  are  not  considered  significant. 
The  average  motor  vehicle  traveled  9,720 
miles  in  1959,  almost  half  of  it  in  cities,  and 


consumed  782  gallons  of  fuel  at  a  rate  of  12.4;; 
miles  per  gallon.  The  average  passenger  cat 
traveled  9,529  miles  and  consumed  666  gallons 
of  fuel,  at  a  rate  of  14.30  miles  per  gallon, 
modest  increase  appeared  in  average  annual 
mileage  traveled  and  fuel  consumed  by  com 
mercial  buses  and  trucks,  but  their  fuel  con- 
sumption rates  remained  about  the  same  as  ii 
1958. 


Table  1. —  Estimate  of  motor-vehicle  travel  in  the  United  States,  by  vehicle  types,  in 

the  calendar  year  1959 


i  Sec  previous  articles  on  motor-vehicle  travel  data  in 
Public  Roads;  the  most  recent  article,  for  1958  data,  appears 
in  vol.  30,  No.  12,  February  i960. 
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Vehicle  i\  pe 

Motor-vehicle  travel 

Num- 
ber of 

vehicles 
regis- 
tered 

Aver- 
age 

travel 

per 
vehicle 

Motor-fuel 
consumption 

Average 
travel 

per 
gallon 
of  fuel 
con- 
sumed 

Main 
rural 
road 
travel 

Local 
rural 

road 
travel 

Total 
rural 
travel 

Urban 
travel 

Total 

travel 

Total 

Average 

per 
vehicle 

50  St  \tes:  i 
Passenger  ears  - 

liUscs 

Commercial... 
School       and       non- 
revenue  .     

All  buses... 

All  passenger  vehicles. . 
Trucks  and   combina- 

Million 

rehicle- 
mili  X 

219,234 

Milium 

vehicle- 
miles 

75.919 

Mill  in  n 
veh  icle- 
miles 

295, 153 

Milium 

vehicle- 
miles 

277,  823 

Million 

rihieli 
in  ;li  s 

572,  976 

Thou- 

XII II  lis 

6(1    132 

Miles 

9.  529 

Million 
gallons 

40,  056 

Gallons 
666 

Miles 

per 
gallon 

11   30 

896 
602 

MS 
594 

1.044 
1,  196 
2,240 

1,842 

266 

2,  108 

2,886 
1 ,  462 

76 
189 

37,  974 
7,735 

621 
202 

8,171 
1, 069 

4.65 
7.24 
5.28 

14.12 
7.97 

12.43 

1,498 

742 

1.  348 

265 

16.  ins 

823 

3,106 

.'.•ii.  :;i _' 

.19.  661 

280,  393 

76,661 
lfl,  634 

96,295 

297.393 
79,  295 

279,  931 
43,  859 

577,  324 
123,  154 

60,  397 
11.671 

9,559 
10,  552 

40.  879 
15,453 

677 
1,324 

All  motor  vehicles 

376.  r.ss 

323.  79(1 

700,  478 

72,  068 

9,720 

56.332 

782 

48  CoNTinuous  States:  ' 
Passenger  cars  2 

Buses: 
Commercial 

School      and      non- 

218,  546 

75.  SIT 

294,  363 

276,  727 

571,090 

59, 892 

9,535 

37,  842 

7,  761 

16.  1211 

39.923 

667 

14.30 

4.63 
7.22 
5.  27 

14.12 
7.96 

12.43 

893 

600 

1,493 

147 
593 
740 

1,  040 
1.193 
2,233 

1,  836 
266 

2,876 
1,  459 

1 ,  335 

76 
188 
264 

621 
202 

S23 

8,171 
1.074 
3,117 

All  buses— 

All  passenger  vehicles. . 
Trucks   and   combina- 
tions.  _.   ...     . 

2,102 

2. ill 

59,  479 

7.,,  557 
19,  592 

296,  595 
79,  071 

27\  82!  1 
43,  675 

575.  125 
122,  746 

61).  156 
11,  622 

9.  566 
10,  562 

40,  746 
15.411 

677 
1,  326 

782 

All  motor  vehicles 

279   51 S 

96.  149 

375,  667 

322.  504 

69S.  171 

71,  778 

9,727 

56, 157 

1  Includes  the  District  of  Columbia.        ■  Includes  taxicabs  and  motorcycles.   There  were  565,000  motorcycles  registered 

in  the  50  States,  and  561,000  registered  in  the  48  contiguous  States. 
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Evaluation  of  Phosphoric  Acid  for  the  Stabilization 

of  Fine-Grained  Plastic  Soils 


BY  THE  PHYSICAL  RESEARCH  DIVISION 
BUREAU  OF  PUBLIC  ROADS 


Reported  '  by  JAMES  A.  KELLEY  and  EARL  B.  KINTER, 

Highway  Research  Engineers 


This  article  reports  a  laboratory  study  of 
the  effects  of  phosphoric  acid  and  an  amine, 
in  small  percentages,  on  the  engineering 
properties  of  six  fine-grained  plastic  soils. 
Pronounced  increases  in  unconfined  com- 
pressive strength  of  soaked  specimens  were 
obtained  for  most  of  the  soils  when  treated 
with  acid  alone,  and  slight  additional  in- 
creases in  strength  resulted  when  the  amine 
was  also  used.  In  general,  plastic  properties 
were  only  moderately  affected  by  the 
additives,  and  there  was  little  change 
in  moisture-density  relations.  1  ultimo 
change  was  reduced  to  a  satisfactory  level 
for  jive  of  the  soils. 

Addition  of  2  percent  of  phosphoric  acid 
resulted  in  satisfactory  compressive 
strengths  for  two  soils,  neither  of  which 
had  any  strength  before  treatment .  Com- 
pressive strengths  wore  considerably 
Increased  for  two  other  soils  by  this  rate  of 
icid,  but  not  to  a  satisfactory  level. 
Strength  gains  for  the  remaining  two  soils 
.vere  not  of  practical  magnitude.  The  gains 
■  'or  four  of  the  six  soils  tested  were  quite 
sufficient  to  indicate  that  phosphoric  acid 
tffers  considerable  promise  as  a  stabilizer 
or  a  aide  variety  of  fine-grained  plastic 
'oils. 


KN  1954  the  Bureau  of  Public  Roads,  in  an 
effort  to  stimulate  interest  in  the  develop- 

ent  of  chemical  products  for  use  in  the  stabi- 
zation  of  soils,  invited  chemical  manufacturers 
o  aid  in  the  search  for  suitable  chemicals, 
"he  ultimate  criteria  for  such  chemical 
dditives  are  simple:  They  must  be  suitable 
or  practical  use  in  road  construction,  and 
nust  be  more  effective  or  cheaper,  or  both, 
han  the  materials  already  commonly. in  use, 
i'hich  include  portland  cement,  bitumens, 
nd  lime. 

Agreements  were  made  with  a  number  of 
ompanies  under  which  chemicals  would  be 
ubjected  to  preliminary  laboratory  testing  by 
he  manufacturer  and,  if  found  promising, 
ubmitted  to  the  Bureau  of  Public  Roads  for 
urther  laboratory   testing  and  possible  sub- 


1  Presented  at  the  40th  Annual  Meeting  of  the  Highway 
;esearch  Board,  Washington,  D.C.,  January  1961. 


sequent  recommendation  to  State  highway 
departments  for  full-scale  trials  in  the  field. 
As  one  result  of  this  program,  phosphoric  acid 
was  proposed  by  the  Monsanto  Chemical  Co. 
and  has  been  tested  for  use  in  the  stabilization 
of  fine-grained  plastic  soils. 

This  article  presents  some  of  the  results  of 
the  laboratory  evaluation  of  the  effects  of 
phosphoric  acid  on  six  fine-grained  plastic 
soils,  conducted  by  the  Bureau  of  Public 
Roads  between  1955  and  the  present  time. 

Conclusions 

The  Public  Roads  experiments  showed  that 
phosphoric  acid  produced  marked  increases  in 
the  unconfined  compressive  strength  of  two 
fine-grained  plastic  soiK  the  addition  of  2 
percent  of  the  acid  bringing  the  strength  of 
these  soils  to  over  100  p.s.i.,  a  level  considered 
satisfactory  for  practical  stabilization.  With 
four  other  fine-grained  plastic  soils,  treated 
with  2  percent  of  the  acid,  compressive 
strength  was  not   developed  to  a  satisfactory 

level. 

In  the  one  experimental  soil  containing 
calcium  carbonate,  the  acid  was  not  effective 
in  strength  development. 

The  addition  of  phosphoric  acid  had  varying 
effects  on  properties  other  than  compressive 
strength.  Values  of  volume  change  and 
moisture  absorption  were  generally  brought 
to  satisfactory  levels,  but  changes  in  moisture- 
density  relations  were  slight.  The  liquid 
limit  was  greatly  lowered  for  some  soils, 
but  for  others  there  was  little  effect.  Plastic 
limits  were  practically  unchanged.  Con- 
sequently, changes  in  the  plasticity  index 
corresponded  closely  to  changes  in  the  liquid 
limit. 

For  most  of  the  soils  used,  the  addition  of 
an  amine  compound  to  the  phosphoric  acid 
moderately  increased  the  compressive  strength 
and  produced  moderate  decreases  in  the 
liquid  limit.  In  the  case  of  one  highly  plastic 
soil,  however,  the  addition  of  amine  caused  a 
pronounced  decrease  in  the  liquid  limit. 

It  was  found  for  one  soil  that  the  effective- 
ness of  the  acid  in  increasing  compressive 
strength  was  appreciably  reduced  by  too  long 
an  interval  between  the  mixing  and  the 
compaction  operations. 


Other  Studies 

During  the  time  that  the  Bureau  of  Public 
Roads  has  pursued  its  laboratory  evaluation 
of  the  effectiveness  of  phosphoric  acid  in 
soil  strength  development,  other  researchers 
have  also  conducted  studies  of  the  material 
and  some  of  their  reports  have  been  published. 
The  successful  use  of  phosphoric  acid  with 
one  fine-grained  plastic  soil  was  first  reported 
in  1957  by  J.  W.  Lyons  (l),2  who  obtained 
unconfined  compressive  strengths  ranging 
from  1  II)  to  200  p.s.i.  (depending  on  the  length 
of  the  curing  period)  for  compacted  soil 
specimens  containing  about  2  percent  of  the 
acid.  Lyons  also  found  that  the  addition 
of  0.5  percent  or  less  of  a  compound,  identified 
as  amine  ODT,  facilitated  mixing,  practically 
eliminated  the  critical  dependence  of  the 
strength  of  the  soil  on  the  water  content  at 
the  time  of  compaction,  and  also  rendered 
the  soil  water-resistant  early  in  the  curing 
period. 

Michaels,  Williams,  and  Randolph  .  .'i, 
working  with  five  soils  of  varying  texture, 
also  obtained  substantial  increases  in  uncon- 
fined compressive  strengths  as  a  result  of 
treatment  with  phosphoric  acid  or  its  equiva- 
lent of  phosphoric  anhydride,  and  with  a 
number  of  other  acidic  phosphoric  compounds. 
These  three  authors  also  found  that  a  small 
amount  of  a  primary  aliphatic  amine  would 
accelerate  curing  and  improve  strength  reten- 
tion upon  immersion  of  the  specimen  in  water, 
although  ultimate  strengths  were  somewhat 
reduced. 

Michaels  and  Tausch  (3),  in  studying 
supplementary  additives  for  improving  or 
reducing  the  cost  of  the  stabilization  of  soils 
with  phosphoric  acid,  found  orthorhombic 
phosphorous  pentoxide  and  phosphate  rock 
plus  sulfuric  acid  to  be  effective.  They  also 
found  that,  supplemental  to  phosphoric  acid 
treatment,  ferric  chloride  and  octylamine 
wen'  effective  in  waterproofing  soils. 

Demirel,  Benn,  and  Davidson  (4)  found 
that  phosphoric  acid  increased  the  unconfined 
compressive  strengths  of  a  number  of  soils, 
and  showed  that  calcium  carbonate  in  soils 
reduced  or  eliminated  strength  gains  because 
of  the  consumption  of  the  phosphoric  acid  by 
the  carbonate. 


-  Italic  numbers  in  parentheses  refer  to  the  list  of  references 
on  page  hit. 
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Public  Roads  Experiments 

"  ■  •  ixperimental  work  by  the  Bureau  of 
Public  Roads  reported  here  was  conducted 
with  two  grades  of  liquid  phosphoric  acid 
supplied  by  the  Monsanto  Chemical  Co.  One 
of  these  was  a  reagent  grade  furnace  arid, 
containing  85  percent  H3PO4;  the  other  was 
a  "wet  process"  acid,  containing  40  to  15 
percent  II;1P<>,.  In  preliminary  tests  the  wet 
process  acid  was  found  to  produce  higher 
values  of  unconfined  compressive  strength  in 
soil-acid  mixtures  than  the  reagent  grade  acid. 
and  the  wet  process  acid  was  therefore  used 
exclusively  in  subsequent  testing.  Anorganic 
compound  identified  as  SA  t  amine,  used  as 
a  supplementary  additive,  was  also  supplied 
by  the  Monsanto  Chemical  Co. 

Six  soils — Perm,  Jordan,  Keyport,  Pierre. 
Hagerstown,  and  Sassafras  were  selected  for 
the  experiments.  Their  characteristics  are 
shown  in  table  1.  As  indicated  in  the  table. 
these  fine-grained  plastic  soils  contained  a 
u  ide  range  of  clay  minerals,  but  are  not  neces- 
sarily considered  as  representative  of  all  clay 
soils. 

The  several  tests  applied  to  the  raw  soils 
are  listed  in  table  2.  These  tests,  except  for 
I  he  mechanical  analysis  test,  were  also  applied 
to  the  soil-acid  mixtures.  Table  2  also  lists 
the  test  values  selected  as  criteria  to  evaluate 
whether  a  given  soil  had  been  satisfactorily 
improved  by  the  stabilizing  treatment  with 
phosphoric  acid  and  amine  additives, 

Mixtures  of  soil,  water,  and  the  chemicals 
were  prepared  with  a  mechanical  mixer.  Air- 
dry  soil  was  placed  in  the  mixer  bowl  and  the 


Table  2. — Tests  and  criteria  for  evaluating 
raw  soils  and  soil-acid  mixtures 


Table  1. — Characteristics  of  experimental  soils 


Test 

AASIIO 
desig- 
ns lull 

ASTM 

desig- 
nation 

Criterion  ' 

Mechanical 
analysis. 

Liquid  limit 

Plastic  limit 

Plasticity  index. 
Compact  i"" 
Volume  change. 

Moisture  ab- 
sorption.'- 

Unconfined 
compn 
strength.3 

I'ss 

T89 

T  90 

T91 

T  99-57.. 
T  110. 

D422 

D  423... 

1 )  424 
1'  124 
1 1698  "s 

Not  over  30. 

Not  over  0. 

Not  over  2'j 
percent. 

Nut  (ivel  2 

percent. 

100  p.s.i.  or 
more. 

1  Test  value  foi  satisfactory  material. 
See  text,  p.  160. 
3  Kate  of  loading  in  machine  =  11. 0.".  inch  per  minute. 


Table  3. —  Kffeet  of  concentration  of  phos- 
phoric acid  alone,  and  with  SA— 4  amine 
additive,  on  the  unconfined  compressive 
strength  of  three  soils 


Treatment 

Unconfined  compressive  strength 

Acid 

Amine 

Keyport 

Ionian 

Penn 

Pet.  ' 
0 
1 
2 
3 

1 
2 
3 

Pel.  ' 

0 

II 

II 
II 

0.5 

5 

.5 

P.s.i". 

n 

75 
113 
156 

7S 
lis 
165 

P.s.i. 

0 
13 
15 
14 

(2) 
34 

P.s.i. 

0 
(2) 

1711 
2112 

i-i 

184 
220 

'  Based  on  dry  weight  of  soil  (110°  C). 

'-'  Not  determined;  insufficient  material  for  testing 
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Propn  1  \ 

Test  data  for  experimental  soils  ' 

Penn 

Jordan 

Keyport 

I'll    Mi 

1 1  igerstown 

Sassafras 

Clay  mineral 

jill        

Illite,  chlo- 
rite. 

5.0 

0 

lllll 
81 
02 

28 

45 
48 
22 

110 

18 

A-7-6(ll) 

Montmor- 
illonite. 

7.0 
to 

Inn 

91 

44 

30 
34 
10 

100 
21 

A-4(8) 

Montmor- 
illonite. 

4.0 
0 

loo 
93 
02 

21 

30 
40 
24 

111 
17 

A-7-OI12) 

Mont  mot  - 
illonite. 

7.0 
0 

100 
99 

On 

34 

01 
79 
40 

92 

20 

A-7-5(20) 

Kaolinite, 
illite. 

5.4 

n 

100 
99 
98 

25 

72 
78 
48 

91 

27 

A-7-5(20) 

Kaolinite, 
veiuii- 
culite. 

5.7 
0 

100 
04 

75 

23 

49 
48 
23 

108 

19 

A-7-G(15) 

Calcium  carbonate,  percent 
Percentage  passing 

No.  10  sieve...  

No.  40  sieve      

-     'on  sieve ...     . 

Silt    (0.05   to   0.005   mm.) 
percent 

Clay  (smaller  than  (1.(105  mm.  I 

Maximum  dry  density.  -' 
lb./cu.  ft             

Optimum  moisture  '-percent . 
Classification  (AASHO) 

Sample  of  Penn  soil  was  from  C  horizon;  samples  of  other  soils  were  from  B  horizon. 
!  AASHO  T  99-57,  Method  A. 


calculated  percentage  of  chemical  (based  on 
drv  weight  of  soil),  in  water  solution,  was 
slowly  added  while  the  mixer  was  in  operation. 
The  mixing  time  was  5  minutes.  Atterberg 
limit  tests  were  performed  on  a  portion  of  the 
mixture  cured  in  a  high-humidity  chamber  at 
room  temperature  for  8  days. 

Volume  change  specimens  were  made  and 
tested  in  accordance  with  AASHO  T  116. 
Triplicate  cylindrical  test  specimens,  2  inches 
in  diameter  and  4  inches  in  length,  were  com- 
pacted at  maximum  dry  density  and  optimum 
liquid  content. 

Moisture  absorption  and  unconfined  com- 
pressive strength  were  measured  for  each  of 
these  specimens  after  curing  for  5  days  at 
room  temperature  and  high  humidity,  followed 
by  immersion  in  water  for  2  days.  If  an  im- 
mersed specimen  showed  no  evidence  of  slak- 
ing, it  was  surface  dried  and  weighed  to 
determine  the  moisture  absorption.  If  com- 
plete disintegration  of  the  specimen  occurred, 
measurements  of  both  moisture  absorption 
and    compressive    strength    obviously     were 


impossible.  If  there  was  more  than  a  trace  of 
slaking,  the  moisture  absorption  could  not  ht 
accurately  measured.  After  soaking  ant 
weighing,  the  usable  specimens  were  testedj 
for  unconfined  compressive  strength. 

The  2-  by  4-inch  cylindrical  specimens  were 
prepared  by  the  use  of  an  impact  compaction 
device  very  similar  to  that  developed  by  tin 
U.S.  Waterways  Experiment  Station  (•)). 
This  device  employs  a  4-pound  hammer  with 
a  12-inch  drop.  Depending  on  the  type  ol 
soil  being  tested,  from  8  to  14  blows  wert 
required  to  produce  specimens  having  tin 
same  maximum  density  as  obtained  in  the: 
AASHO  T  99  standard  method. 

Results  and  Discnssiott 

The  effects  of  the  stabilization  treatment 
on  the  unconfined  compressive  strength  ol 
soaked  specimens  of  three  soils — Keyport 
Jordan,  and  Penn — are  shown  by  the  data  it 
table  3.  Phosphoric  acid  was  added  at  rates 
of  1,  2,  and  3  percent,  with  and  without  the 


Table  4. — Effect  of  phosphoric  acid  and  SA— 4  amine  on  the  properties  of  six  soils 


Treatment 

Uncon- 

Soil 

fined 
compres- 

Volume 
change 

Moisture 
absorp- 

Optimum 
moisture 

Maxi- 
mum 

Liquid 
limit 

Plastic 
limit 

Plasticity 

index 

Acid 

Amine 

sive 

s  1 1  e  1 1  e  i  h 

tion 

density 

Pel. 

Pel. 

P.S.I. 

Pet. 

Pet. 

Pet. 

Ib.lcu.  ft. 

1      ° 

0 

0 

9.  7 

(-') 

is 

Ill 

48 

213 

22 

\      I 

ii 

170 

(') 

1.0 

17 

114 

(') 
C1) 

(') 

(') 

.  5 

1*4 

(') 

0.1 

is 

111 

(') 

(') 

1       ° 

n 

0 

9.0 

<2) 

20 

104 

34 

24 

10 

1       \ 

0 
.5 

15 
34 

1    1 
1.5 

2    4 
2.9 

23 
23 

101 
99 

40 
36 

24 
25 

10 
11 

1       (l 

0 

0 

9.  2 

(2) 

17 

111 

40 

22 

24 

Keyport 

2 

0 

113 

1.5 

1.0 

15 

114 

43 

22 

21 

1       2 

.5 

lis 

.3 

1.2 

18 

110 

40 

24 

10 

1       ° 

II 

0 

21.7 

"' 

20 

92 

79 

33 

40 

2 

0 

2 

7 

(2) 

21 

91 

08 

34 

34 

Pierre.-. 

-' 

.5 

S 

1    2 

l-'l 

25 

91 

50 

30 

20 

4 

0 

2s 

(') 

7.0 

24 

92 

56 

35 

21 

1       4 

.5 

/ 1 

(') 

0.0 

25 

91 

50 

36 

14 

1       ° 

0 

5 

3.9 

4.2 

27 

91 

78 

30 

48 

I  [agerstown. ... 

2 

0 

37 

(') 

.  7 

20 

88 

52 

30 

22 

1       2 

.5 

38 

(') 

3.9 

20 

80 

51 

33 

18 

1       " 

n 

31 

1.0 

1.0 

19 

108 

4S 

25 

23 

Sassafras 

I         9 

0 

74 

0 

.2 

2(1 

107 

33 

22 

11 

1        2 

.5 

85 

0 

1.1 

20 

103 

35 

25 

10 

1  Insufficient  amount  of  material  for  testing. 

2  Specimen  completely  or  partly  disintegrated  when  immersed. 
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addition  of  0.5  percent  of  SA-4  amine. 
Considerable  strength  was  developed  in  the 
Keyport  and  Penn  soils,  the  effect  increasing 
with  increasing  rates  of  acid  addition.  In 
contrast,  very  little  strength  was  developed 
in  the  Jordan  soil.  This  may  be  largely 
attributed  to  its  calcium  carbonate  content, 
which  was  more  than  sufficient  to  prevent  the 
desired  soil-acid  reaction  and,  therefore,  the 
strength  development  (4).  The  strengths 
developed  in  the  Keyport  and  Penn  soils, 
with  2  percent  of  acid,  more  than  met  the  100 
p.s.i.  criterion  selected  as  satisfactory.  Small 
additional  strength  increases  resulted  from  the 
addition  of  the  amine. 

Since  satisfactory  strengths  were  developed 
when  2  percent  of  the  phosphoric  acid  was 
added  to  two  of  the  three  soils  initially  tested, 
this  percentage  rate  was  used  for  most  of  the 
subsequent  experiments.  The  data  in  table 
4  show  the  effects  of  the  addition  of  2  percent 
of  the  acid,  with  and  without  the  addition  of 
0.5  percent  of  the  amine  supplement,  on  the 
six  soils  included  in  the  tests.  In  the  case  of 
the  Pierre  soil,  as  shown  in  the  table,  data 
were  also  obtained  for  treatment  with  4  per- 
cent of  acid,  with  and  without  0.5  percent  of 
amine. 

The  effectiveness  of  the  acid  varied  con- 
siderably, depending  on  the  soil  and  the 
particular  soil  property  under  consideration. 
Compressive  strength  was  well  above  the 
selected  criterion  of  100  p.s.i.  for  the  treated 
Penn  soil,  slightly  above  for  the  Keyport 
soil,  slightly  below  for  the  Sassafras  soil, 
considerably  below  for  the  Jordan  and  Hagers- 
town    soils,    and    extremely    low    (at    the    2- 


percent  acid  rate)  for  the  Pierre  soil. 

Volume  change  and  moisture  absorption 
values  in  most  cases  were  brought  to  satis- 
factory levels,  by  the  addition  of  acid,  but 
maximum  density,  optimum  moisture,  and  the 
plastic  limit  were  not  greatly  affected.  The 
use  of  acid  brought  about  marked  reductions 
in  the  liquid  limit  for  the  Pierre,  Hagerstown, 
and  Sassafras  soils,  but  had  little  effect  on 
the  liquid  limit  of  tin-  Keyport  soil  and 
actually  raised  that  of  the  Jordan  soil. 
Inasmuch  as  the  addition  of  the  acid  had 
little  effect  on  the  plastic  limit,  the  changes 
in  plasticity  index  corresponded  closely  to  the 
changes  in  liquid  limit. 

In  the  case  of  the  Pierre  soil,  the  reduction 
of  the  liquid  limit  values  brought  about  by 
the  2-percent  rate  of  acid  application  was 
accompanied  by  a  considerable  decrease  in 
volume  change,  but  the  acid  had  little  effect- 
on  other  properties  of  this  soil.  The  use  of 
acid  at  the  4-percent  rate  further  decreased 
the  liquid  limit  and  increased  compressive 
strength,  particularly  with  the  amine  added. 
These  pronounced  effects  on  the  properties 
of  the  Pierre  soil  were  especially  notable 
since  this  soil  contained  61  percent  of  a  high 
volume  change  clay  (particles  smaller  than 
0.005  mm.). 

Supplementing  the  acid  with  0.5  percent  of 
amine  appreciably  reduced  the  liquid  limit 
of  the  Pierre  soil,  but  little  change  was  noted 
in  the  plasticity  values  of  any  of  the  other 
soils.  Additions  of  the  amine  also  increased 
the  compressive  strengths  of  all  of  the  soils 
tested,  but  the  effect  was  pronounced  only 
with    the    Pierre    soil.     The    addition    of   the 


amine  had  little  effect  on  any  of  the  other  soil 
properties  studied. 

A  supplementary  experiment  was  performed 
with  the  Keyport  soil  to  determine  the  im- 
portance of  the  time  interval  between  the 
preparation  of  the  soil-acid  mixture  and  the 
molding  of  the  test  specimens.  Compressive 
strengths  obtained  for  15-minute,  6-hour,  and 
24-hour  intervals  between  mixing  and  molding 
were  104,  80,  and  70  p.s.i.,  respectively. 
These  results  indicate  that  for  the  develop- 
ment of  maximum  compressive  strength, 
there  should  be  very  little  delay  between 
the  mixing  and  compaction  operations. 
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New  Publications 


Four  new  publications  by  the  Bureau  of 
Public  Roads  are  now  available  from  the 
Superintendent  of  Documents,  U.S.  Govern- 
ment Printing  Office,  Washington  25,  DC. 

Highway  Progress,  1960 

Available  at  35  cents  a  copy  is  the  Annual 
Report  of  the  Bureau  of  Public  Roads,  Fiscal 
Year  1960,  entitled  Highway  Progress,  1960. 
The  annual  report  presents  the  Federal-aid 
highway  programs,  including  the  Interstate 
System,  and  the  research  and  activities  of  the 
Bureau. 

The  1961  Interstate  System  Cost  Estimate 

Four  reports,  requested  by  the  Congress, 
were  submitted  by  the  Bureau  of  Public  Roads 
to  the  Congress,  through  the  Secretary  of 
Commerce,  in  January  1961. 

A  new  estimate  of  the  total  cost  of  com- 
pleting the  National  System  of  Interstate  and 
Defense  Highways  was  reported  to  Congress 
on  January  13,  1961.  The  report,  titled  The 
1.961  Interstate  System  Cost  Estimate,  has  been 
printed  as  House  Document  No.  49,  and  may 
be  purchased  from  the  Superintendent  of 
Documents  at  20  cents  per  copy. 

The  new  cost  estimate,  made  by  the  State 
highway  departments  under  the  guidance  of 
the    Bureau   of   Public   Roads,    and   resulting 
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from  almost  a  full  year's  effort,  covered  all 
Interstate  System  work  not  financed  as  of 
January  1,  1960,  and  showed  the  total  of  work 
remaining  to  be  undertaken  as  $32.9  billion. 
Since  $1.4  billion  of  the  total  is  expected  to  be 
financed  as  toll  facilities  or  entirely  by  Stale- 
and  municipalities,  the  net  cost  of  work  re- 
maining to  be  done  with  Federal  aid  as  of 
January  1,  1960,  was  $31.5  billion. 

Prior  to  January  1,  1960,  the  estimate 
cutoff  date,  $7.2  billion  of  Federal-aid  and 
State  matching  funds  had  already  been  spent 
or  obligated  for  Interstate  System  improve- 
ment. Including  these  previous  expenditures, 
the  total  cost  of  completing  the  system,  from 
the  time  of  its  undertaking  in  July  1956, 
becomes  $41  billion  when  provision  is  made 
for  segments  of  the  system  not  yet  finally 
located,  and  for  administration,  highway 
planning,  and  research.  The  estimated  actual 
construction  cost  of  the  system  is  about  $1 
billion  less  than  that  reported  to  the  Congress 
in  January  1958. 

Since  the  Federal  Government  is  paying  90 
percent  of  the  cost  of  completing  the  Inter- 
state System,  the  required  Federal  share  of  the 
$41  billion  is  $37  billion,  of  which  $25.4  billion 
has  been  authorized  by  Federal  legislation. 
Estimated  additional   Federal  authorizations 


needed  to  complete  the  system  thus  amount 
to  $11.6  billion. 

The  new  cost  estimate  was  reported  to  the 
Congress  pursuant  to  section  104(b)5  of 
Title  23,  U.S.  Code,  which  requires  periodic 
estimates  to  be  made.  The  estimates  serve 
as  a  basis  for  apportionment  among  the 
States  of  the  Federal-aid  Interstate  fund 
authorizations. 

The  Highway  Cost  Allocation  Study — 
2  reports 

The  final  report  of  the  4'2-year  highway  cost 
allocation  study,  conducted  by  the  Bureau  of 
Public  Roads  pursuant  to  section  210  of  the 
Highway  Revenue  Act  of  1956,  was  submitted 
to  the  Congress  on  January  13  and  19,  1961. 

Parts  I-V  of  the  report  have  been  printed 
in  one  volume  under  the  title  Final  Report  of 
the  Highway  Cost  Allocation  Study,  as  House 
Document  No.  54,  and  is  available  at  70  cents 
per  copy.  Subjects  of  the  five  parts  are: 
Introduction  and  summary  of  findings;  general 
discussion  of  the  study;  allocation  of  Federal- 
aid  highway  cost  responsibility  between  pri- 
vate and  commercial  users  and  other  cla 
and  interests;  allocation  of  tax  support  of  the 
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Highway  Construction:  An  Employment  Generator 


BY  THE  CONSTRUCTION  AND  MAINTENANCE  DIVISION 
BUREAU  OF  PUBLIC  ROADS 


Each  billion  dollars  of  Federal-aid  highway  construction  generates 
on-site  employment  for  48.000  men  with  a  meekly  payroll  of  over 
$4.6  million.  The  relative  proportions  of  the  various  kinds  of  labor 
used  on  highway  construction  projects  do  not  vary  much  on  the 
different  Federal-aid  systems. 

Equipment  operators  as  a  group  take  the  greatest  share  of  the  pay 
on  highway  construction  projects,  but  average  hourly  earnings  on.  steel 
bridge  projects  exceed  those  on  all  other  types  of  highway  work. 

Increased  productivity  on  grading  projects,  resulting  from  develop- 
ment and  widespread  use  of  equipment,  has  kept  the  increuse  in  the 
price  index  of  grading  ivork  moderate  during  the  past  two  decades. 
On  the  other  hand,  structures,  on  which  the  usage  of  equipment  is 
still  relatively  limited,  have  had  a  steep  rise  in  price  index. 


EACH  BILLION  DOLLARS  of  Federal- 
aid  highway  work  in  active  construction 
status  generates  the  equivalent  of  a  full  year's 
on-site  employment  for  approximately  48,000 
men  with  a  weekly  payroll  of  about  $4,650,000. 

Of  this  working  force,  there  are  approxi- 
mately 18,130  equipment  operators  and  2,605 
equipment  repair  and  servicemen.  Weekly 
earnings  of  the  equipment  operators  and  serv- 
icemen total  about  $2,190,000,  or  $105  per 
man.  On-site  employment  also  includes 
15,605  unskilled  laborers,  with  total  weekly 
earnings  of  approximately  $1,150,000,  or  about 
$74  per  man;  and  11,000  men  are  engaged  in 
miscellaneous  skilled  and  semiskilled  crafts 
and  in  professional,  managerial,  clerical,  and 
service  occupations. 

These  figures  are  based  on  data  compiled  by 
the  Bureau  of  Public  Roads  from  a  survey 
made  in  cooperation  with  the  State  highway 
departments  in  1958.  The  survey  covered 
all  employment  during  the  4-week  period 
from  July  13  through  August  9,  1958,  on  3,425 
of  the  more  than  6,600  Federal-aid  highway 
construction  contracts  in  active  construction 
status  at  the  time. 

The  3,425  construction  contracts  studied 
included  all  types  of  highway  construction 
and  represented  all  stages  of  construction 
ranging  from  contracts  that  were  just  getting 
started  to  some  nearing  completion.  A  total 
of  17,033,561  man-hours  of  labor  was  used 
on  these  construction  projects  during  the 
survey  period;  this  labor  was  paid  a  total  of 
$41,257,904  in  wanes,  including  overtime 
earnings. 

Total  contract  value  of  the  3,425  contracts 
was  $2,216,343,000.  The  dollar  value  of  con- 
struction work  actually  performed  on  these 
projects  during  the  4-week  period  could  not 
readily  be  determined,  but  it  was  estimated  to 
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be  about  $181  million,  or  about  8  percent  of 
the  total  contract  value.  This  estimate  was 
based  on  figures  reported  to  the  Bureau  indi- 
cating that  employment  on  Federal-aid  high- 
way construction  during  1958  averaged  94,138 
man-hours  for  each  million  dollars  of  contracl 
value. 

Assuming  that  each  man  employed  worked 
an  average  of  40  hours  a  week,  the  17,033,561 
man-hours  of  labor  used  during  the  4- week 
period  would  mean  that  106,460  men  would 
have  been  at  work  on  the  construction  con- 
tracts, which  represents  an  average  of  31  men 
per  contract. 

A  substantial  portion  of  the  employees  un- 
doubtedly worked  more  than  40  hours  a  week 
inasmuch  as  many  contractors  operated  on 
shifts  longer  than  8  hours  a  day,  and  for  6  days 
a  week,  in  order  to  expedite  the  work  and  to 


Reported  by  M.  B.  CHRISTENSEN,  Chief, 
Construction  and  Maintenance  Division, 
and  DAVID  A.  GORMAN,  Highway  Engineer 


take  advantage  of  good  weather,  reduced  over- 
head, and  other  favorable  conditions.  While 
this  would  suggest  that  fewer  men  than  indi- 
cated were  actually  at  work,  it  seems  certain 
that  another  substantial  percentage  of  the  em- 
ployees worked  fewer  than  40  hours  a  week 
because  of  equipment  breakdowns,  unfavor- 
able weather,  materials  shortages,  or  other 
conditions  making  it  necessary  to  suspend 
operations  temporarily  on  all  or  certain  phases 
of  the  construction.  Assuming  that  this  "un- 
dertime" employment  of  some  workmen 
would  approximately  offset  the  "overtime" 
employment  of  others,  the  figure  of  40  hours  a 
week  appears  to  be  reasonably  correct  for  an 
average. 
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Labor  Usage  in  Construction 

Employment  on  individual  contracts  un- 
doubtedly varies  considerably  from  the  aver- 
age of  31  men  per  contract  because  of  varying 
stages  of  completion  of  work.  On  contracts 
just  getting  started  or  nearing  completion,  the 
working  force  is  apt  to  be  relatively  small;  on 
contracts  operating  at  full  capacity  a  much 
larger  number  of  men  would  be  at  work.  The 
size  of  the  working  force  also  varies  consider- 
ably according  to  size  of  the  contract  and 
character  of  construction  work  involved. 

Equipment  operators  as  a  group  took  the 
greatest  share  of  pay,  41  percent,  and  ac- 
counted for  38  percent  of  the  man-hours 
worked.     LTnskilled  occupations  accounted  for 
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CHARACTER  OF   WORK  CHARACTER  OF   WORK 

Figure  1. — Labor  usage  in  highway  constrttction  on  a  national  basis. 


April  1961  •  PUBLIC  ROADS 


iliyii 
Up 
Brfac 

k\ 

Dili 


■100% 


UNSKILLED 
OCCUPATIONS 


CO 

o 


(i)  ALL   OTHER   CRAFTS 
(h)  STEEL  WORKERS 
(g)   CONCRETE    FINISHERS 
(f)   CARPENTERS 


CRAFTS    ASSOCIATED   WITH 
EQUIPMENT   OPERATION 


CO 

cr 
o 

i— 

<3. 
O 


Q- 
O 


(e)  ALL  OTHER 


(d)  CRANE.  HOIST.  DRAGLINE 
AND  SHOVEL 

(c)  MOTOR  GRADER 


(b)  TRACTOR, LOADER, 
SCRAPER, BULLDOZER 
AND  ROLLER 


(o)  TRUCKS 


PROFESSIONAL,  MANAGERIAL , 
CLERICAL    AND   SERVICE 
OCCUPATIONS 

0% 


ALL  GRADING  BITUMINOUS       PORTLAND  CEMENT        CONCRETE 

PROJECTS  SURFACING      CONCRETE  SURFACING        BRIDGES 

Figure  2. — Distribution  of  labor  employed  by  contractors  on  Federal-aid  highway  construction. 
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33  percent  of  the  hours  worked  and  25  percent 
of  the  wages  paid.  Table  3  shows  the  per- 
centage distribution  of  hours  worked  and 
wages  paid  by  occupational  group,  and  the 
average  hourly  earnings,  in  detail  (p.  165). 

Job  opportunities  by  type  of  construction 

The  number  of  jobs  generated  and  the  em- 
ployment opportunities  of  each  craft  and  oc- 
cupational group  was  affected  by  the  type  of 
construction.  Bituminous  surfacing  projects 
generated  work  for  more  workers  per  million 
dollars  of  contract  amount  than  any  of  the 
other  four  types  of  construction  shown.  On 
the  basis  of  a  40-hour  week,  bituminous  sur- 
facing projects  generated  employment  for  80 
men  per  million  dollars  of  contract  amount, 
compared  to  48  men  for  all  types  of  construc- 
tion combined,  as  indicated  in  figure  1.  Steel 
bridge  projects  required  the  least  number  of 
workers  per  million  dollars  of  contract  amount. 
Figure  1  indicates  that  for  the  same  contract 
amount,  bituminous  surfacing  created  em- 
ployment for  about  one-third  more  workers 
(31  percent)  than  portland  cement  concrete 
surfacing  projects.  It  should  be  recognized 
that  bituminous  surfacing  represents  a  broad 
range  of  work,  from  low-type  bituminous  sur- 
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face  treatment  to  high-type  bituminous 
concrete. 

The  type  and  relative  proportions  of  labor 
used,  as  shown  in  figure  2,  differed  according 
to  the  type  of  construction.  It  is  noted  that 
except  for  bridge  construction  contracts  the 
largest  single  classification  of  labor  used  was 
equipment  operators.  On  grading  work,  op- 
erators of  equipment,  together  with  the  asso- 
ciated crafts  (mechanics,  oilers,  firemen,  and 
other  workmen  who  repair  and  service  equip- 
ment), represented  63  percent  of  the  total 
working  force.  The  same  groups  accounted 
for  59  percent  of  those  employed  in  bituminous 
surfacing,  and  47  percent  of  those  in  portland 
cement  concrete  pavement  work.  In  con- 
trast, workmen  engaged  in  operating,  repair- 
ing, and  servicing  equipment  accounted  for 
only  about  18  percent  of  the  working  force  on 
concrete  and  steel  bridges. 

The  equipment  operator  classification  con- 
sisted primarily  of  four  main  subclassifications: 
(1)  truckdrivers;  (2)  operators  of  tractors  with 
attachments  and  supplemental  units,  such  as 
bulldozers,  scrapers,  loaders,  rollers,  and  rip- 
pers; (3)  operators  of  machines  such  as  power 
shovels,  cranes,  draglines,  hoists,  and  pile- 
drivers;  and  (4)  motor  grader  operators.    This 


general  classification  also  includes  operators  of 
equipment  for:  (1)  crushing  aggregates;  (2) 
batching,  mixing,  placing,  and  finishing 
structural  concrete,  bituminous  surfaces  and 
bases,  portland  cement  concrete  bases  and 
pavements,  and  other  types  of  bases  and  sub- 
bases;  and  (3)  drilling. 

As  shown  in  table  3,  truckdrivers  consti- 
tuted the  largest  labor-cost  factor  among  the 
many  classifications  of  equipment  operators 
employed  in  highway  work.  They  led  not 
only  all  other  operators  but  also  all  other  in- 
dividual occupations,  accounting  for  almost 
12  percent  of  hours  worked  and  11  percent  of 
wages  paid.  As  shown  in  figure  2,  bridge  con- 
struction projects  generated  relatively  minor 
demand  for  truckdrivers.  Truckdrivers  on 
concrete  and  steel  bridge  contracts  accounted 
for  less  than  4  percent  of  the  total  time  worked. 
On  the  other  hand,  surfacing  jobs  required  a 
great  number  of  truckdrivers.  Truckdrivers 
accounted  for  21  percent  of  the  worktinie  on 
portland  cement  concrete  surfacing  jobs  and 
25  percent  of  the  time  on  bituminous  surfacing 
jobs. 

Tractor,  grader,  scraper,  and  power  crane 
operators  each  contributed  from  about  4  to  5 
percent  of  man-hours  worked   and   collected 
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Tal>le  1. — Percentage  distribution  of  the  total  hours  worked  among  the  various  major  occupational  groups,  on  a  regional  basis 
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i  For  States  included  in  each  of  the  Bureau  of  Public  Roads  regions,  see  inside  front  cover. 


from  about  5  to  6  percent  of  the  wages  earned 
(table  3).  Roller  operators  accounted  for  al- 
most 2  percent  of  both  hours  and  wages.  The 
remainder  of  the  operator  classifications  ac- 
counted for  less  than  1  percent  each.  Equip- 
ment operator  apprentices  were  credited  with 
0.03  percent  of  man-hours  and  0.02  percent  of 
total  wages. 

Other  crafts  associated  with  equipment  op- 
eration— oilers,  mechanics,  firemen,  stationary 
engineers,  and  pile-drivermen — accounted  for 
about  5  percent  of  hours  worked  and  6  per- 
cent of  wages  earned.  Altogether,  operation 
and  care  of  equipment  required  43  percent  of 
the  man-hours  worked  and  consumed  47  per- 
cent of  the  payroll. 

On  a  Bureau  of  Public  Roads  regional  basis, 
as  shown  in  table  1,  contractors  in  the  North- 
western States  (region  8)  were  the  largest 
users  of  equipment  operators  in  proportion 
to  the  total  number  of  hours  worked.  The 
percentage  distribution  of  the  total  time 
accounted  for  by  equipment  operators  in 
region  8  was  53  percent,  compared  to  the 
national  average  of  38  percent.  The  South- 
eastern States  (the  Bureau's  region  3)  ranked 
the  lowest  in  the  proportion  of  equipment 
operator  time.  The  percentage,  however, 
was  only  slightly  less  than  that  for  the 
Northeastern  States  (region  1). 

Carpenters  were  the  second  largest  single 
occupational  group  employed  on  highway 
construction,  accounting  for  nearly  6  percent 
of  hours  worked  and  8  percent  of  wages  paid. 


Within  the  classification  of  miscellaneous 
crafts,  carpenters  accounted  for  almost  50 
percent  of  the  total  hours  worked. 

Bridge  projects  produced  more  job  oppor- 
tunities for  carpenters  than  did  any  other 
type  of  construction.  Carpenters  accounted 
for  23  percent  of  the  hours  on  concrete  bridge 
construction  projects  and  19  percent  of  the 
hours  on  steel  bridge  construction  projects. 
On  the  other  hand,  surfacing  and  grading 
projects  offer  relatively  few  job  opportunities 
for  carpenters.  Carpenters  accounted  for 
less  than  2  percent  of  the  time  on  surfacing 
and  grading  projects.  Structural  steel  workers 
and  welders  naturally  found  their  greatest 
job  opportunities  on  steel  bridge  projects, 
accounting  for  10  percent  of  the  total  hours. 

Unskilled  labor  represented  a  substantial 
percentage  of  the  working  force  on  all  types 
of  construction,  varying  from  20  percent  on 
grading  work  to  39  percent  on  concrete 
bridges.  Unskilled  labor  accounted  for  a 
greater  share  of  the  total  hours  worked  on 
highway  construction  in  the  Southeastern 
States  (region  3)  than  anywhere  else  in  the 
country. 

From  9  percent  to  12  percent  of  the  working 
force  was  made  up  of  professional,  managerial, 
clerical,  and  service  personnel,  such  as  engi- 
neers, superintendents,  foremen,  timekeepers, 
clerks,  cooks,  flagmen,  and  watchmen. 

Equipment  use  and  construction  costs 

The    development   of  new  and  better  con- 
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struction  equipment  and  its  widespread  usage 
on  grading  and  bituminous  surfacing  projects 
is  indicated  in  figure  2  by  the  high  proportion 
of  equipment  operators.  These  developments 
have  no  doubt  had  a  significant  effect  upon; 
productivity.  The  increased  productivity 
with  its  resultant  savings  in  construction 
cost,  has  been  particularly  noticeable  in  thef 
price  index  for  grading.  The  increase  in  this 
price  index  has  been  moderate  in  comparison 
to  the  increase  in  the  price  index  for  concrete 
and  steel  structures  during  the  past  two 
decades,  as  shown  in  figure  3.  On  the  other 
hand,  the  relatively  small  proportion  of  hours 
accounted  for  by  equipment  operators  onl 
bridge  projects  and  the  high  proportion  of 
hours  accounted  for  by  workers  in  the  crafts 
and  unskilled  labor  categories,  approximately 
70  percent  of  the  total  time,  are  indicative  of 
the  lesser  degree  of  mechanization  in  struc 
tural  work  with  consequent  lower  productivity 
for  the  labor-equipment  combination  and 
greater  increase  in  unit  costs  than  for  grading 
and  surfacing  work.  This,  plus  the  increased 
cost  of  materials  and  wages,  have  apparently 
been  responsible  for  the  steep  rise  in  the 
price  index  for  structures  over  the  past  two 
decades. 

Labor  usage  on  highway  systems 

The  relative  proportions  of  different  kinds 
of  labor  did  not  vary  greatly  for  Interstate, 
primary,  and  secondary  Federal-aid  highway 


H 
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Figure  3. — Effect  of  improved  equipment  on  highway  construction  prices  for  excavation  and  structures. 
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Table  2. — Percentage  distribution  of  the 
total  hours  worked  among  the  various 
major  occupational  groups,  on  the  differ- 
ent Federal-aid  highway  systems,  on  a 
national  basis 


Percent 

ice  distribution  of 

hours  worked  on — 

Occupational  group 

Inter- 

Primary 

Second- 

state 

ary 

Professional  and  man- 

agerial  occupations. 

9.35 

9.45 

9.39 

Clerical  occupations.. 

.93 

1.02 

.71 

Service  occupations... 

.24 

.38 

.27 

Equipment  operators. 

34.75 

38.10 

44.09 

Crafts  associated  with 

equipment     opera- 

6.06 
16.66 

4.  96 
12.  82 

5.01 
8.38 

Miscellaneous  crafts. . 

Unskilled       occupa- 

tions         -- 

32.01 

33.  27 

32.15 

projects,  as  may  be  seen  in  table  2.  Unskilled 
labor  represented  an  average  of  from  32  per- 
cent to  33  percent  and  the  administrative  and 
service  personnel  represented  about  10  percent 
of  the  working  force  on  each  class  of  highway. 
The  hours  worked  by  equipment  operators  and 
associated  craftsmen  ranged  from  41  percent 
on  Interstate  projects  to  43  percent  on  primary 
and  49  percent  on  secondary  projects.  The 
miscellaneous  skilled  and  semiskilled  crafts 
ranged  from  17  percent  of  the  hours  worked 
on  Interstate  projects  to  13  percent  on 
primary  and  to  8  percent  on  secondary 
projects. 

Average  Hourly  Earnings 

Average  hourly  earnings  based  on  actual 
payments  made  (including  overtime)  ranged 
from  $1.58  an  hour  for  service  personnel  such 
as  watchmen  and  flagmen,  to  $4.07  an  hour 
for  master  mechanics,  as  shown  in  table  3. 
Average  earnings  for  unskilled  labor  were 
$1.84  an  hour.  Highly  skilled  craftsmen  such 
as  structural  steel  workers,  electricians,  stone- 
masons, carpenters,  plumbers,  and  operators 
)f  heavy,  complex  equipment  were,  of  course, 
imong  those  having  relatively  high  hourly 
earnings.  It  is  possible,  however,  that  a 
greater  percentage  of  the  highly  skilled  crafts- 
nen's  earnings  were  the  result  of  overtime 
payments. 

On  a  regional  basis  (excluding  Alaska  in 
vhich  average  hourly  earnings  were  unusually 
ligh),  as  shown  in  figure  4,  the  average  hourly 
iarnings  for  all  workmen  combined  varied 
'rom  a  minimum  of  $1.62  for  the  Southeastern 
States  (region  3),  to  a  maximum  of  $3.39  for 
egion  7,  the  States  of  Arizona,  California, 
Nevada,  and  Hawaii.  Among  the  several 
ypes  of  projects  (right  side  of  fig.  4),  the 
iverage  hourly  earnings  on  steel  bridge  pro- 
ects  exceeded  those  on  all  other  types  of  work. 

It  is  apparent  that  an  increase  in  the  wages 
)f  some  crafts  could  have  a  very  significant 
■fleet  upon  the  cost  of  construction  of  certain 
ypes  of  work  if  those  crafts  account  for  a  very 
arge  proportion  of  the  hours  worked.  On 
he  other  hand,  wage  increases  in  some  crafts 
nay  have  very  little  effect  upon  the  overall 
:ost  of  the  work  if  those  crafts  account  for  an 
nsignificant  share  of  the  hours  worked.     Thus, 
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Figure  4. — Average  hourly  earnings  in  each  region  and  for  each  character  of  work. 

Table  3. — Labor  usage  in  highway  construction,  on  a  national  basis,  construction 

contractor  employees  only1 


Occupational  group 


Professional  and  managerial  occupations: 

Foremen 

Superintendents 

Civil  engineers 

Managerial  and  official  occupations  other  than  superintendents- 
Office  managers.. — 

Project  managers 

Surveyors - 

Instrumentmen. 

Accountants 


Subtotal- 


Clerical  occupations: 

Paymasters,  payroll  clerks,  and  timekeepers 

Clerks,  general  office --- 

Bookkeepers  and  cashiers 

Miscellaneous 


Subtotal- 


Service  occupations: 

Watchmen,  flagmen, 
Cooks.. 


id  traffic  officers. 


Subtotal- 


Equipment  operators: 

Truckdrivers  

Tractor  operators  and  loaders 

Tractor  operators 

Front  end  loader  operators 

Motor  grader  operators 

Scraper  operators 

Crane,  hoist,  dragline,  and  shovel  operators. .. 

Crane  operators  (crawler  type) 

Truck  crane  operators -- 

Hoist  operators 

Dragline  operators 

Shovel  operators 

Bulldozer  operators 

Roller  operators ; 

Operators  of  concrete-mixing  and  concrete  paving  machines. 

Concrete  mixer  operators.-- --- 

Concrete  paver  operators 

Operators  of  asphalt  plants  and  asphalt  paving  machines 

Asphalt  plant  operators 

Asphalt  paver  operators 

Batch  plant  operators 

Concrete  and  asphalt  finishing  machine  operators..- 
Rock  crusher  and  gravel  plant  operators. ._ 

Crusher  operators 

Piledriver  operators 

Off-highway  hauling  equipment  operators  - 

See  footnotes  at  end  of  table. 

(Continued  on  paqe  166) 


Percentage  distribution 


Hours 

l\  01  ked 


5.98 

2.  51 

.53 

.20 


.17 

."of 


9.40 


.60 
.23 
.05 
.04 


\r: 


.29 
.01 


.30 


11.82 
5.20 


4.14 
4.07 
3.98 


3.85 
1.83 
.67 


.41 

in 


.34 

.27 


Wages 


7.10 

3.29 

.68 

.27 


.19 

Vol* 


11.54 


.50 
.22 
.05 
.03 


19 
.01 


.20 


10.  50 

-i   S5 


5.04 
4.80 
5.09 


4.57 

1.78 

.67 


.54 


.49 

'.'7 


Average 

hourly 

earnings 2 


$2. 89 
3.  18 

3. 12 


2.48 
3.42 

2.31 
2.33 

2.04 
1.97 
2.18 

1.58 
2.92 

2.23 

2.53 
2.59 
2.70 
2.62 

2.78 
3.02 
3.56 
2.57 
3. 09 
2.63 
2.16 


2.34 
3.21 


2.65 
2.38 

1.74 
2.47 


2.74 
3.21 
2.38 
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Table  3. —  Labor  usage  in  highway  construction,  on  a  national  basis,  construction 
contractor  employees  only1 — Continued 


i  iccupational  group 


Equipment  operators—Continued 

Subgrading  machine,  form  grader,  and  stone  spreader  operators.  .. 

Subgrading  machine  operators 

Stone  spreadei  operators 

Other  construction  machinery  operators  not  elsew  here  classified  3 
Trenching  machine  operators --- 

Apprentices  . . 


Subtotal. 


Crafts  associated  with  equipment  operation: 

<  tilers  of  machinery 

Mechanics 

Mechanics 

Master  mechanics 

Mechanic  helpers 

Firemen 

Engineers,  stationary 

Pump  operators 

Air  coin  pressor  operators _ 

Pilcdri vennen    


Subtotal. 


Miscellaneous  crafts: 

Carpenters— . 

Concrete  finishers 

Concrete  finishers 

Concrete  ru bbers 

Drillers  and  mudjack  operators 

Drill ,  operators 

Air  tool  men       __ 

Structural  steel  workers  and  welders 

Structural  steel  workers 

Welders 

Reinforcing  steel  workers 

Metal  road  form  setters  and  form  tamper  operators. 

Form  setters,  metal  road  forms.. 

Bituminous  paving  occupations 

Asphalt  rakers 

Asphalt  distributor  operators 

I '  i  pelayers 

Blasters  and  powdermen 

Blasters.. 

Painters 

Chainmen  and  rodmen  (surveying) 

Electricians.. — 

Brick  and  stone  masons,  and  tile  setters 

Bricklayers... 

Stonemasons 

Apprentices 

Carpenter  apprentices 

Ironworker  apprentices 

Plumbers 

Other 


Subtotal 

Unskilled  occupations. 


Total  or  average- 


Percentage  distribution 


Hours 
worked 


10(1.00 


Wages 


0.17 

.12 

.  02 

11  02 

2.39 
3.07 

.25 
.30 

.12 

6.13 

7.78 
2.28 

1.06 

1.42 

.75 
.47 

.42 

.27 
.33 

.15 

.07 
.12 
.09 

.05 

.05 
.23 

15.  54 
24.77 

Average 

hourly 

earnings2 


l ii 


$?.  49 
2.  30 

2.56 

2.43 

3.05 
4.07 
2.18 
2.43 

.3.03 
3.03 
3.39 

2.86 

2.70 
2.18 

2.61 
1.85 

3.65 
2.76 
2.86 

2.18 

2.34 
2.23 
2.22 

2.53 
3.32 
2.11 
3.84 

2.98 
3.32 

2.30 
2.67 
3.26 

1.84 

B  ised  mi  reports  received  from  3,425  active  Federal-aid  projects,  covering  the  4-week  period  from  July  13  to  Aug.  9,  1958. 
-  Includes  overtime. 
3  Includes  rig  operators,  dredge  levermen,  and  trenching  machine  and  stabilizer  operators. 


a  significant  increase  in  the  hourly  wages  of 
truckdrivers  could  raise  the  cost  of  bituminous 
construction  considerably  since  they  account 
for  25  percent  of  the  hours  worked,  whereas 
a  wage  increase  for  truckdrivers  might  have 
comparatively  little  effect  upon  the  overall 
cost  of  steel  bridge  construction,  where  truck- 
drivers  account  for  only  3  percent  of  the  hours 
winked.  The  same  principle  would  apply  to 
carpenters  on  concrete  bridge  construction  as 
compared  to  bituminous  surfacing  projects. 

Although  bituminous  projects,  as  mentioned 
previously,  generated  employment  for  more 
men  per  million  dollars  of  contract  amount 
than  any  of  the  other  four  types  of  work, 
grading  projects  generated  a  slightly  larger 
weekly   payroll,   as  shown    in   figure    1,   since 


average  hourly  earnings  on  grading  projects 
exceeded  those  on  bituminous  work. 

OfT-sitc  employment 

In  addition  to  on-site  employment,  dis- 
cussed in  this  article,  highway  construction 
generates  considerable  off-site  employment. 
Exact  figures  were  not  available,  but  it  is 
estimated  that  the  off-site  employment  is  at 
least  as  great  as  the  on-site  employment  and 
may  be  slightly  greater.  Off-site  employment 
consists  primarily  of  workmen  engaged  in  the 
production,  processing,  and  distribution  of 
construction  materials  and  equipment,  and 
also  includes  employees  in  construction  con- 
tractors' central  offices,  supply  depots,  and 
repair  shops. 
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New  Publications 

(.Continued  from  page  161) 

Federal-aid  systems  among  vehicles  of  differ- 
ent dimensions,  weights,  and  other  specifica- 
tions; and  competition  of  highways  with  other 
modes  of  transportation. 

Part  VI  of  the  report  has  been  printed 
under  the  title  Economic  and  Social  Effects  of 
Highway  Improvement,  as  House  Document 
No.  72,  and  is  available  at  25  cents  per  copy. 

The  purpose  of  the  study  was  to  make 
available  to  the  Congress  information  on  the 
basis  of  which  it  may  determine  what  taxes 
should  be  imposed  by  the  United  States,  and 
in  what  amounts,  in  order  to  assure  an  equi- 
table distribution  of  the  tax  burden  among 
the  various  classes  of  persons  using  Federal- 
aid  highways  or  otherwise  deriving  benefits 
from  them.  The  report  does  not  contain  any 
statements  or  recommendations  regarding 
Federal  fiscal  policy  relating  to  highways. 

In  considering  the  problem  of  cost  allocation 
among  various  classes  of  vehicles,  four  differ- 
ent approaches  were  undertaken.  One  of 
these,  relying  upon  data  to  be  derived  from 
the  American  Association  of  State  Highway 
Officials  Road  Test,  cannot  be  completed 
until  the  Road  Test  data  analysis  has  pro- 
gressed to  a  further  stage.  It  is  expected  that 
this  work  will  be  completed  in  time  to  submit 
definitive  findings  on  this  phase  of  the  study 
to  the  Congress  by  midsummer  of  1961. 

Maximum  Desirable  Dimensions  and 
Heights  of  Vehicles 

On  January  3,  1961,  an  interim  report  on 
the  Maximum  Desirable  Dimensions  and 
Weights  of  Vehicles  Operated  on  the  Federal- 
Aid  Systems  was  submitted  to  the  Congress 
pursuant  to  section  108(k)  of  the  Federal- Aid 
Highway  Act  of  1956. 

As  pointed  out  in  the  report,  the  compilation 
and  analysis  of  data  from  the  American 
Association  of  State  Highway  Officials  Road 
Test  had  not  been  sufficiently  advanced  to 
serve  as  a  basis  for  making  specific  recom- 
mendations, at  the  time  of  the  report  trans- 
mittal, as  to  maximum  desirable  dimensions 
and  weights  of  vehicles  operated  on  the 
Federal-aid  highway  systems.  The  report 
t  herefore  suggested  that  no  changes  be  made 
in  the  existing  law  on  vehicle  dimensions  and 
weights  (sec.  108(j)  of  the  Federal-Aid  High- 
way Act  of  1956),  pending  submission  of  a 
final  report  containing  recommendations. 
The  final  report  will  be  made  during  the 
summer  of  1961. 

The  report  also  contained  a  certain  amount 
of  background  information  on  the  subject, 
which  presumably  will  be  included  in  the  final 
report.  The  interim  report  has  not  been 
printed  as  a  Congressional  document,  and 
copies  are  therefore  not  available  for  general 
distribution. 
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Characteristics  of  Passenger-Car  Travel 
on  Toll  Roads  and  Comparable  Free  Roads 

for  Highway  User  Renefit  Studies 


BY  THE  TRAFFIC  OPERATIONS  DI\  IS  ION 
BUREAU  OF  PUBLIC  ROADS 


Reported  '  by  PAUL  J.   CLAFFEY 
Highway  Research  Engineer  - 


Among  the  factors  important  to  an  accurate  analysis  of  the  benefits  accruing 
to  passenger-car  users  through  highway  improvements  are  the  average  overall 
rates  of  fuel  consumption  and  speed  by  type  of  road,  the  effects  of  traffic  imped- 
ances, the  relative  attractiveness  of  the  different  types  of  highway  improvement 
benefits  to  motorists,  and  the  value  to  motorists  of  time  saving  and  increased 
driving  comfort.  Data  useful  to  passenger-car  benefit  studies  in  connection 
ivith  each  of  these  factors  ivere  obtained  in  1959  during  the  operation  of  a  passen- 
ger vehicle  on  8,000  miles  of  primary  highways  in  17  States.  These  data  in- 
cluded rates  of  fuel  consumption,  overall  speeds,  speed  changes  identified  by 
cause,  and  records  of  all  traffic  impedances. 

The  study  route  included  14  sections  of  toll  route  where  drivers  traveling 
between  two  particular  points  have  a  choice  beticeen  use  of  a  modem  controlled- 
access  toll  route  or  an  alternate  free  route  of  lesser  design  quality.  At  each  of 
these  comparison  sections,  vehicle  data  were  collected  for  trips  on  both  the  toll 
and  free  routes.  In  addition,  interview  stations  were  operated  on  each  of  the 
alternate  routes  to  obtain  information  from  the  drivers  using  them. 

This  report  presents  the  findings  of  the  study,  including  the  average  overall 
rates  of  fuel  consumption  and  speed  on  major  existing  highways  and  on  toll 
routes  and  the  variation  in  these  overall  rates  as  affected  by  the  frequency  of 
driveways  and  cross  roads,  as  well  as  the  effects  of  traffic  impedances  on  passen- 
ger-car operation.  The  report  also  shows  the  proportion  of  jtassenger-car  users 
electing  to  use  the  toll  route  at  each  of  the  14  toll  route  comparison  sections,  and 
the  relative  attractiveness  to  users  of  the  types  of  benefit  realized  on  both  the 
toll  routes  and  free  routes.  Finally,  the  data  collected  at  the  toll  route  compari- 
son sections  were  subjected  to  a  separate  analysis  to  obtain  estimates  of  the 
value  to  motorists  of  the  time  saving  and  increased  driving  comfort  achieved 
through  highway  improvements. 


Introduction 

SOME  OF  THE  FACTORS  important  to 
passenger-car  benefit  studies  were  investi- 
gated by  the  Bureau  of  Public  Roads  during 
the  summer  of  1959  by  operating  a  passenger 
vehicle  a  distance  of  14,000  miles  on  primary 
highways  in  17  Kastern  Slates  and  collecting, 
during  this  travel,  a  variety  of  data  relative 
to  passenger-car  operation  and  highway  travel 
characteristics.  Included  as  portions  of  the 
study  route  were  14  locations  where  a  toll 
road  and  a  major  free  route  are  in  a  position 

Ifco  serve  the  same  traffic.  These  were  taken 
:o  represent  controlled-access  highways  of 
modern  design,  in  the  case  of  the  toll  roads, 

I  md  typical  primary  highways  lacking  con- 
trolled access  and  some  of  the  other  important 

1  Presented  at  the  40th  annual  meeting  of  the  Highway 
[  Research  Board,  Washington,  D.C.,  January  1961. 
'    2  Dr.  Clafley  is  also  Associate  Professor  of  Civil  Engineer- 
ing, Catholic  University,  Washington,  D.C. 
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modern  design  features,  in  the  case  of  the 
corresponding  free  routes.  At  each  of  the  14 
locations  several  comparison  runs  were  made 
on  both  the  toll  road  and  the  free  road.  At 
the  time  of  these  test  runs,  interview  stations 
were  operated  on  each  route  to  determine  the 
relative  use  of  the  roads  and  to  obtain  trip 
purpose  and  driver  preference  data. 

Summary  of  Findings 

Fuel  consumption  and  speed 

Several  types  of  data  useful  in  analyses  of 
the  benefits  accruing  to  passenger-car  users 
through  highway  improvement  were  developed 
in  this  study.  Among  these  were  average 
overall  rates  of  fuel  consumption  and  speed 
for  operation  on  existing  major  2-lane  and 
4-lane  routes  in  both  urban  and  rural  areas 
and  for  operation  on  toll  roads.  These  data 
showed  that  there  was  little  difference  between 


overall  speeds  on  2-lane  roads  and  4-lane  roads 
except  on  main  urban  routes  of  large  cities 
outside  of  the  downtown  areas  where  overall 
speeds  on  the  4-lane  routes  were  approximately 
25  percent  greater  than  on  the  2-lane  routes. 
The  greatest  difference  in  average  overall  op- 
erating speed  observed  was  between  the  60.1 
m.p.h.  average  on  rural  4-lane  divided  con- 
trolled-access routes  and  the  48-50  m.p.h. 
average  on  2-  and  4-lane  rural  routes  without 
control  of  access. 

The  fuel  consumption  rate  on  the  rural 
4-lane  divided  controlled-access  routes  was 
about  12  percent  greater  than  on  the  rural 
routes  without  control  of  access  which,  in  turn, 
was  about  15  percent  greater  than  on  urban 
routes.  These  differences  in  fuel  consumption 
rates  reflect  the  over-riding  effect  of  speed  on 
rate  of  fuel  consumption.  For  the  typical 
traffic  volumes  carried  by  existing  thorough- 
fares having  no  access  control,  there  was  little 
difference  either  in  speeds  or  in  fuel  consump- 
tion rates  for  operation  on  4-lane  routes  as 
compared  to  operation  on  2-lane  routes. 

Traffic  impedances 

Certain  of  the  effects  of  traffic  signals,  access 
points  (driveways  and  cross  roads  without 
signal  protection),  and  sharp  curves  on  pas- 
senger-car operation,  together  with  the  aver- 
age frequencies  of  these  impedances  on  the 
8,000  miles  of  major  routes  studied,  are 
included  in  this  report.  The  study  vehicle 
was  required  to  stop  at  43  percent  of  the 
traffic  lights  encountered  in  urban  areas  and 
at  30  percent  of  those  in  rural  areas.  When 
stopped  at  traffic  lights,  there  was  an  average 
stopped  delay  of  0.29  minute  in  urban  areas 
and  0.21  minute  in  rural  areas.  Also,  the 
study  vehicle  was  slowed  by  other  vehicles 
entering  or  leaving  driveways  at  1  in  every 
200  of  the  driveways  encountered  in  urban 
areas  and  at  1  in  every  125  of  the  driveways 
in  rural  areas.  These  data,  together  with 
data  on  speed  changes  and  on  the  average 
frequencies  of  impedances,  can  be  very  useful 
in  user  benefit  computations  by  providing  a 
means  of  estimating  the  effects  on  traffic 
operations   of  highway   improvements  which 

167 


eliminate    individual    impedances    or    groups 
of  impedances. 

Toll  route  comparison  sections 

The  relative  use  of  toll  routes  and  alternate 
free  routes  by  drivers  familiar  with  both 
routes,  and  the  reasons  given  by  drivers  on 
(he  compared  routes  for  using  either  the  toll 
route  or  the  free  route,  serve  to  show  the 
relative  attractiveness  to  passenger-car  users 
of  the  different  types  of  benefits  arising  from 
highway  improvements.  The  type  of  benefit 
most,  important  to  motorists  was  found  to  be 
time  saving,  with  an  average  of  80  percent 
of  the  passenger-car  drivers  on  toll  roads  and 
21  percent  of  those  on  free  roads  slating  they 
selected  tlieir  travel  route  on  the  basis  of 
time  saving.  The  second  most  important 
reason  given  by  passenger-car  users  for  select- 
ing their  route  was  greater  comfort  and  con- 
venience. The  highway  benefits  considered 
of  least  importance  by  passenger-car  users  in 
tlieir  selection  of  route  were  found  to  be 
greater  safety  and  lower  travel  costs.  Only 
13  percent  of  the  free  road  users  indicated 
that  they  were  influenced  not  to  use  the  toll 
road  because  of  the  cost  factor. 

Monetary  evaluations 

Analysis  of  the  data  for  comparative  toll 
road  and  free  road  trips  arrived  at  an  estimate 
of  the  average  passenger-car  user's  evaluation 
of  time  saving  of  2.37  cents  per  minute  of 
travel  time  saved,  and  an  estimate  of  his 
evaluation  of  an  improvement  in  driving 
conditions  (measured  in  units  of  speed  change 
reduction)  of  0.048  cent  per  1  m.p.h.  reduc- 
tion in  speed  change. 

The  estimate  of  the  value  of  time  saving 
was  of  a  relatively  high  order  of  accuracy;  but 
this  was  not  so  for  the  value  of  a  speed  change 
reduction,  largely  because  there  are  pre- 
sumably significant  factors  affecting  driving 
comfort  and  convenience  which  are  not  re- 
flected in  speed  changes.  The  value  of  each 
unit  of  speed  change  reduction,  as  computed 
in  this  study,  is  therefore  somewhat  high  for 
general  use  as  a  measure  of  driving  comfort 
benefit.  However,  it  may  be  used  to  estimate 
driving  comfort  benefits  arising  from  improve- 
ments which  reduce  the  number  of  speed 
change  units  on  roads  similar  to  those  for 
which  the  study  data  were  obtained — primary 
rural  roads  without  controlled  access. 

Finally,  the  study  arrived  at  the  following 
estimates  of  the  comfort  and  convenience 
benefits  that  users  receive  through  given  high- 
way improvements:  Elimination  of  a  traffic 
signal  stop  in  rural  areas,  4.32  cents;  elimina- 
tion of  a  sharp  curve,  0.72  cent;  elimination  of 
a  slowdown  (for  a  through  vehicle)  at  an 
access  point,  0.96  cent. 

Background  for  the  Study 

An  accurate  determination  of  the  benefits 
accruing  to  passenger-car  users  through  high- 
way improvements  of  various  kinds  is  of  para- 
mount importance  in  highway  user  benefit 
studies.  The  number  of  passenger  cars  on  the 
roads  and  streets  and  the  volume  of  passenger- 
car  travel  accumulated  each  year  presumably 
make    the    aggregate    benefits   from    highway 
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improvement  for  this  type  of  vehicle  greater 
than  the  combined  total  for  all  other  types  of 
vehicles. 

Among  the  important  factors  in  passenger- 
car  benefit  studies  are:  (1)  Fuel  and  time 
consumption  both  on  thoroughfares  having 
numerous  traffic  signals,  access  points,  and 
sharp  curves,  and  on  divided  highways  with  no 
traffic  signals  and  fully  controlled  access,  (2) 
the  effect  of  traffic  signals,  access  points,  and 
curvature  on  highway  vehicle  operation,  (3) 
the  relative  importance  to  motorists  of  the 
various  types  of  benefit  accruing  through  high- 
way improvements,  and  (4)  estimates  of  the 
value  to  the  motorists  of  the  time  saving  and 
increased  driving  comfort  accruing  to  users 
through  highway  improvements.  These  items 
are  concerned  both  with  the  overall  effects  of 
certain  types  of  highway  improvement  on 
passenger-car  operations  and  with  the  values 
drivers  place  on  improved  travel  conditions. 
Numerous  other  factors  having  important 
effects  on  passenger-car  tiser  benefits,  such  as 
the  relationship  between  highway  design  char- 
acteristics and  accident  rates,  the  effect  of 
surface  conditions  and  vehicle  speeds  on 
vehicle  maintenance  costs,  and  the  value  of 
reduced  travel  distance,  are  not  included  in 
this  study. 

Fuel  and  time  consumption  in  passenger-car 
operation  is  affected  by  several  highway 
factors,  including  length,  relation  of  capacity 
to  average  daily  traffic,  the  frequencies  of 
sharp  curves,  intersections  at  grade,  and 
driveway  entrances,  surface  type,  and  gradi- 
ents. Some  data  are  currently  available  on 
the  fuel  and  time  consumption  of  passenger 
cars  as  affected  by  each  of  these  factors,  and 
several  studies  have  been  made  of  the  overall 
fuel  and  time  consumption  of  passenger  cars 
operating  over  limited  distances  under  a 
particular  set  of  highway  conditions  (/,  2).1 
However,  for  benefit  studies  of  large-scale 
improvement  projects  more  information  is 
needed  on  overall  average  speeds  and  average 
fuel-consumption  rates  for  operation  on 
typical  present-day  highways  and  on  highways 
constructed  to  the  highest  design  standards. 

Predictions  of  the  time  and  fuel  benefits  to 
arise  through  a  general  highway  improvement 
program  can  be  made  by  summing  the  savings 
for  each  item  of  improvement,  such  as  elimi- 
nation of  intersections  at  grade  and  addition 
of  traffic  lanes.  However,  time  and  fuel 
savings  computed  in  this  manner  should  be 
compared  with  the  difference  in  overall  fuel 
and  time  consumption  of  highways  of  the 
general  type  as  that  involved  in  a  particular 
analysis,  and  highways  built  to  high  standards, 
to  guard  against  inadvertently  inflating  bene- 
fits by  counting  the  same  items  of  benefit 
more  than  once.  Moreover,  average  overall 
values  of  time  and  fuel  consumption  for  oper- 
ation on  roads  which  have  intersections  at 
grade,  frequent  access  points,  and  sharp 
curves,  and  for  operation  on  divided  highways 
with  full  control  of  access,  can  often  be  used 
to  make  preliminary  estimates  of  the  fuel  and 
time  savings  to  result  from  a  particular  major 
highway  improvement  project. 


Traffic  impedances  such  as  traffic  lights 
access  points,  and  sharp  curves  affect  vehicli 
operation  by  forcing  drivers  to  make  un 
desired  stops  and  slowdowns.  These  speec 
changes  not  only  increase  fuel  and  time  con 
sumption  but  are  annoying  to  drivers.  As  ai 
aid  to  estimating  the  extent  of  the  benefit: 
to  accrue  to  motorists  through  highway  im 
provements  that  eliminate  these  impedances 
information  should  be  available  on  tin 
frequency  of  the  different  types  of  impedances 
the  average  speed  changes  caused  by  eacl 
impedance,  and,  in  the  case  of  stops  for  traffii 
signals  and  stop  signs,  the  average  duratioi 
of  the  stopped  delays. 

An  aspect  of  user  benefit  analysis  of  signifi 
cance  in  connection  with  passenger-car  benefi 
studies  is  the  relative  preference  of  users  fo 
the  various  types  of  benefit  arising  througl 
highway  improvement.  Information  on  th 
relative  attractiveness  to  motorists  of  reduca 
travel  cost,  time  saving,  greater  safety,  ant 
increased  driving  comfort  can  be  of  materia; 
assistance  in  the  computation  of  benefits  b; 
providing  a  guide  to  the  kinds  of  improvemen 
most  desired  by  users  and  to  the  relativ 
advantages,  from  the  users'  point  of  view,  o 
the  types  of  benefit  realized  from  thes 
improvements. 

A  knowledge  of  motorists'  evaluation  o 
twro  of  the  benefits  brought  about  by  highwa; 
improvements — time  saving  and  increase< 
driving  comfort — is  of  paramount  importanc 
in  passenger-car  benefit  studies.  Many  high 
way  improvements,  particularly  those  on  ; 
large  scale  in  rural  areas,  bring  about  highe 
average  operating  speeds.  Since  for  the  nor 
mal  range  of  passenger-car  speeds  in  rura 
areas  the  operating  costs  for  fuel,  oil,  an< 
maintenance  increase  with  increased  speed 
these  improvements  frequently  result  in  in 
creased  operating  costs  (3).  Consequently 
most  of  the  benefits  accruing  to  passenger-ca 
users  through  highway  improvement  are  thos 
associated  with  time  saving,  increased  drivin 
comfort,  and  safety.  The  benefits  to  user 
resulting  from  reductions  in  accident  rate 
through  road  improvements  are  subject  t 
continuing  study  and  research.  The  mone 
tary  values  to  users  of  time  saving  and  in 
creased  driving  comfort  have  an  important 
in  benefit  analyses  at  least  as  great  as  accider 
cost  saving,  and  warrant  thorough  invest 
gation. 

The  Study  Operation 


1  Italic    numbers    in    parentheses   represent    references, 
page  176. 


The  study  vehicle 

The  vehicle  used  for  the  study  was  a  195'j 
six-cylinder,  four-door,  standard  station  wago 
of  popular  make,  equipped  with  automati 
shift.  It  was  necessary  to  use  the  statio 
wagon  rather  than  a  sedan  or  other  type  c 
passenger  car  in  order  to  provide  sufficien 
interior  space  to  carry  the  bulky  equipmen 
for  recording  study  data.  However,  it 
believed  that  the  data  collected  are  represent 
ative  of  passenger-car  operation.  Althoug 
the  study  vehicle  was  comparatively  new  an| 
had  been  operated  only  3,380  miles  at  th 
beginning  of  the  study,  it  was  placed  on 
dynamometer  and  its  engine  performance  wai 
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given  a  special  check  immediately  preceding 
the  beginning  of  the  trip.  All  engine  defects 
discovered  at  this  time,  however  minor,  were 
corrected.  In  the  2-month  study  period,  dur- 
ing which  the  vehicle  covered  over  14,000 
miles  of  travel,  all  recommendations  of  the 
manufacturer  in  regard  to  vehicle  care  and 
maintenance  were  strictly  adhered  to. 

The  gross  weight  of  the  vehicle  when  loaded 
with  the  data  collecting  equipment  and  carry- 
ing both  the  vehicle  operator  and  the  observer 
was  4,900  pounds.  The  frontal  cross  section 
of  the  vehicle  itself  was  6  feet  wide  by  5  feet 
high,  the  same  as  for  a  passenger  car  of  the 
same  make,  but  the  total  cross  section  was  in- 
creased by  an  open-top  wooden  box  affixed  to 
the  roof  of  the  vehicle  to  support  and  protect 
a  gasoline-powered  generator,  needed  to  pro- 
vide electrical  power  to  operate  the  data- 
collecting  equipment  located  inside  the  station 
wagon.  This  box  added  l/2  feet  to  the  vehicle 
height  for  almost  the  full  width  of  its  roof. 
The  full  cross  section  of  the  vehicle  when 
equipped  for  collecting  data  was  thus  6  feet 
wide  by  6)2  feet  high. 

Data-collecting  equipment 

The  data-collecting  equipment  (described  in 
detail  in  the  following  paragraphs)  consisted 
of  an  electronic  device  for  measuring  distance 
and  speed  data,  an  automatic  printer  for  re- 
cording distance,  speed,  and  time  data,  a  code 
box  for  manually  adding  code  numbers  to  the 
printer  record  tape,  a  fuelmeter,  and  several 
hand  counters. 

The  items  of  electronic  equipment  were 
interconnected  as  a  unit  called  the  "traffic 
impedance  analyzer"  (see  fig.  1).  The  instru- 
ment for  measuring  distance  and  speed  was 
actuated  by  a  flexible  cable  connection  to  the 
cable  of  the  vehicle's  speedometer.  The  output 
information  from  this  instrument  was  directed 
as  a  series  of  electrical  impulses  into  the 
automatic  printer  through  appropriate  elec- 
trical connections.  The  printer  recorded  auto- 
matically at  intervals  of  one  second  on  a  strip 
of  paper  tape,  registering  the  travel  distance  to 
hundredths  of  a  mile  (from  a  fixed  point, 
usually  the  beginning  point  of  a  study  run) ,  the 
vehicle  speed  to  the  nearest  mile  per  hour, 
and  the  elapsed  time  in  seconds  since  leaving 
the  initial  point  of  the  study  run. 

A  manual  code  box  with  20  push  buttons 
arranged  in  two  columns  of  10  buttons  each 
enabled  the  observer  to  record  any  number 
from  0  through  9  in  each  of  two  columns  of  the 
printer  tape,  changing  the  numbers  each 
second  if  necessary.  A  typical  sample  of  the 
printer  tape  is  shown  in  figure  2.  A  recent 
article  in  Public  Roads  contains  a  full  de- 
scription of  the  traffic  impedance  analyzer  and 
an  explanation  of  the  operation  of  its  com- 
ponent parts  (4)  ■  However,  at  the  time  this 
study  was  made  the  automatically  recording 
fuelmeter  described  in  that  article  was  not 
yet  fully  developed  for  use  in  the  traffic 
impedance  analyzer. 

Vehicle  fuel  consumption  data  were  obtained 

'by  using  a  bellows-type  fuelmeter  connected 

I  to  the  gasoline  line  of  the  vehicle  between  the 

fuel  pump  and  the    carburetor.     The   instru- 

i»ment  was  mounted  on  the  right  side  of  the 


Figure   1. — The   traffic  impedance  analyzer  equipment,  mounted  on  the  rear  seat  of  the 

study  vehicle. 


front  seat  of  the  vehicle  so  as  to  be  easily  read 
by  the  observer  who  sat  on  the  rear  seat. 
The  fuelmeter,  which  gave  fuel  consumption 
readings  to  the  nearest  one-sixtieth  of  a  gallon, 
was  read  and  the  data  recorded  by  the  ob- 
server at  each  study  check  point  (as  described 
below  under  test  procedure).  Fuel  consump- 
tion data  so  obtained  were  frequently  checked 
for  accuracy  during  the  study  by  comparing 
the  difference  in  fuel  readings  between  suc- 
cessive additions  to  the  fuel  tank  with  the 
quantity  of  fuel  put  into  the  tank  as  measured 
by  the  gasoline  station  fuel  pump. 

Study  route 

The  8,000-mile  study  route  ran  north  from 
Washington,  D.C.,  by  way  of  Elizabeth,  N.J., 
to  Syracuse,  N.Y.;  thence  east  to  Boston, 
Mass.,  and  north  to  Portland,  Maine.  From 
Portland  the  route  ran  westward  through 
Syracuse  and  Buffalo,  N.Y.,  Toledo,  Ohio, 
Elkhart,  Ind.,  Springfield,  111.,  and  Hannibal, 
Mo.,  to  Wichita,  Kans.  From  Wichita  the 
route  ran  south  through  Tulsa  and  Oklahoma 
City,  Okla.,  to  Fort  Worth,  Tex.;  thence 
eastward  through  New  Orleans,  La.,  and  along 
the  Gulf  coast  to  Tallahassee,  Fla.,  and  south- 
ward to  West  Palm  Beach,  Fla.     From  West 


Palm  Beach  the  route  ran  northward  through 
Daytona  Beach  and  Jacksonville,  Fla., 
Savannah,  Ga.,  and  Richmond,  Va.,  to  Wash- 
ington, D.C.  The  termini  of  each  of  the  free 
road  sections  of  the  study  route,  together 
with  their  route  numbers,  are  listed  in  table  1 
in  the  order  in  which  the  data  were  obtained. 
All  toll  road  comparison  sections  are  listed  in 
table  2. 

Operating  procedure 

On  each  section  of  the  route  for  which  data 
were  collected,  the  study  vehicle  was  operated 
from  one  end  of  the  section  to  the  other  in  a 
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Figure  2. — Typical  record  sample  from  the 
traffic  impedance  analyzer. 
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Table  1. — Free  road  study  sections  ' 


No. 

Initial  point 

End  point 

Route 

30 
31 
32 
33 
34 

35 
36 
37 
38 
39 

40 
41 
42 
43 
44 

45 
46 
47 
48 
49 

50 
51 
52 
53 
54 

55 
56 
57 
58 
59 
60 

Tulsa,  Okla ... 

U.S.  177,  77,  75 

U.S.  77 

U.S.  77 

U.S.  80 

Dallas-Fort  Worth  Tpk. 

U.S.  80 
U.S.  80,  71 
U.S.  71,  190 
U.S.  61 
U.S.  61 

U.S.  90 

U.S.  90 
U.S.  90 
U.S.  90 
U.S.  90 

U.S.  90 
U.S.I 
U.S.I 
U.S.  1,  17 
U.S.  17 

U.S.  17 
U.S.  17,  17A 
U.S.  15 
U.S.  301 
U.S.  301 

U.S.  301,  401 

U.S.  401 

U.S.  1 

U.S.I 

U.S.I 

Richmond-Petersburg  Tpk. 

Oklahoma  City,  Okla." 

Ardmore,  Okla 

Fort  Worth  Tex 

Dallas,  Tex.. 

Fort  Worth,  Tex 

Dallas,  Tex 

Dallas  Tex 

Dallas,  Tex.3 

Shreveport,  La.2  

New  Orleans,  La 

Biloxi,  Miss.2 .     

Mobile,  Ala 

Mobile,  Ala.2 

Chipley,  Fla 

Davtona  Beaeh,  Fla      

Dayton  a  Beach,  Fla.2... 

Jacksonville,  Fla 

Savannah,  Ga.3 

Hardeeville  S  C 

Walterboro,  S.C 

Walterboro,  S  C 

Summerton,  S.C 

Florence,  S.C 

Rowland,  N  C 

St.  Paul,  N.C - 

Fayetteville,  N.C 

Raleigh,  N.C     . 

Favetteville,  N.C.2 

Raleigh,  N.C.2 

Raleigh,  N  C 

Norlina,  N.C 

South  Hill,  Va 

Petersburg,  Va.s_   

Richmond,  Va.5..  

Richmond,  Va.6  ...  .  

Petersburg,  Va.8 ..  .. 

1  Sections  34  and  60  are  toll  roads. 

2  Through  city,  from  city  limit  to  city  limit. 

3  From  the  center  of  the  city  to  the  city  limit. 

4  From  downtown  to  the  residential  area. 

!  For  section  59,  from  south  city  limit  of  Petersburg  to  north  city  limit  of  Richmond;  for  section  60  the  same  terminals 
but  in  the  opposite  direction. 


Table  2. — Free  road  and  toll  road  comparison  study  sections  * 


No. 

Initial  point 

End  point 

Free  road  route 

Toll  road  route 

1 
18 
19 
2 
3 

4 
51 
6 
7 
8 

9 
10 
20 
11 

Elizabeth,  N.J 

Delaware  Memorial  Bridge 

Delaware  Memorial  Bridge 

Delaware  Memorial  Bridge 

Utica,  N.Y 

U.S.I,  130 

U.S.  130 

New  Jersey  Turnpike. 
New  Jersey  Turnpike. 
New  Jersey  Turnpike. 
New  York  Thruway. 
New  York  Thruway. 

New  Hampshire  Turnpike. 
Maine  Turnpike. 
Ohio  Turnpike. 
Indiana  Toll  Road. 
Kansas  Turnpike. 

Kansas  Turnpike. 
Turner  Turnpike. 
Will  Rogers  Turnpike. 
Sunshine  State  Parkway. 

U.S.  130 

N.Y.  5 

U.S.  81,  11,  17 

U.S.  1 

Harriman,  N.Y.. 

Kittery,  Maine.   

U.S.I 

U.S.  20 

Toledo,  Ohio... 

Elkhart,  Ind    . 

U.S.  20 

Wichita,  Kans 

Wellington,  Kans 

U.S.  81 

U.S.  81,  50,  75 
U.S.  66 

Wichita,  Kans 

Topeka,  Kans 

Tulsa,  Okla 

Tulsa,  Okla 

Oklahoma  City,  Okla    

U.S.  66  . 

West  Palm  Beach,  Fla.... 

Fort  Pierce,  Fla 

U.S.I 

1  Three  trips  were  made  on  each  pair  of  comparison  routes. 


manner  as  closely  typical  of  the  passenger 
cars  in  the  traffic  stream  as  possible.  This 
was  done  by  having  the  vehicle  "float"  with 
the  traffic;  that  is,  operate  so  as  to  be  passed 
by  about  the  same  number  of  vehicles  as  it 
overtook  and  passed. 

During  each  test  run  the  traffic  impedance 
analyzer  automatically  recorded  on  the  printer 
tape,  once  each  second,  the  speed,  distance, 
and  time.  The  observer,  continuously  alert 
to  traffic  conditions  and  highway  elements 
affecting  vehicle  speed,  made  use  of  the  manual 
code  box  to  record  on  the  printer  tape,  at  each 
speed  change,  a  code  number  to  identify  the 
highway  factor  or  traffic  event  causing  the 
speed  change.  The  left  column  of  code  num- 
bers (on  the  code  box  and  as  recorded  on  the 
tape)  identified  highway  and  traffic  factors 
such  as  number  of  lanes  or  whether  the  high- 
way was  divided  or  not;  the  right  column  code 
numbers    identified    traffic    events    such    as 
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traffic  signals  or  a  vehicle  suddenly  entering 
from  a  side  road  and  causing  the  test  vehicle 
to  reduce  speed.  The  complete  code  used 
was  as  follows: 

Left  column: 

2-  or  3-lane  rural;  free-moving  traffic. 

2-lane  rural;  trailing  another  vehicle  and 
unable  to  pass. 

4-  or  more  lane  rural  without  access  control. 

4-  or  more  lane  rural,  divided,  with  access 
control. 

2-  or  3-lane  urban;  free-moving  traffic. 

4-  or  more  lane  urban;  free-moving  traffic. 

2-  or  3-lane  urban;  congested  traffic  con- 
ditions. 

4-  or  more  lane  urban;  congested  traffic 
conditions. 

2-,  3-,  or  4-lane  urban,  one-way;  free-mov- 
ing traffic  conditions. 

2-,  3-,  or  4-lane  urban,  one-way;  congested 
traffic  conditions. 


9 


0. 


Right  column: 

1.  Check  point. 

2.  Traffic  signal. 

3.  Stop  sign  or  flashing  red  signal,  if  stopped; 

otherwise,  trailing  a  truck. 

4.  Sharp  curve  or  turn,  if  slowed  down;  rail- 

road crossing  if  stopped. 

5.  Residential    driveway    where    entering    or 

leaving  vehicle  affected  the  study  vehicle. 

6.  Commercial   driveway    where   entering   or 

leaving  vehicle  affected  the  study  vehicle. 

7.  Overtaking  and  passing  maneuver  by  study 

vehicle. 

8.  Effect    of    schoolbus    in    rural    areas;    or 

double-parked  vehicles  in  urban  areas. 

9.  Vehicle  turning  into  highway  from  cross 

road  and  affecting  the  study  vehicle. 
0.  Blank. 

The  observer  manually  recorded  on  a  sepa- 
rate data  sheet  the  clock  time,  vehicle  odometer 
reading,  fuelmeter  reading,  and  fuel  tempera- 
ture, at  each  of  several  check  points  on  each 
test  run.  The  check  points  were  places  where 
the  character  of  the  highway  changed  abrupt- 
ly. For  example,  each  point  where  a  highway 
entered  or  left  an  urban  area,  even  though  it 
was  only  a  small  town,  was  recorded  as  a  check 
point.  Check  points  were  located  in  this 
manner  to  make  possible  an  analysis  of  the 
data  by  type  of  highway  and  character  of 
traffic  conditions.  Check  point  locations  were 
recorded  on  the  printer  tape  by  using  code 
number  1  in  the  right-hand  code  column. 
Since  all  check  points  were  selected  in  advance 
of  the  test  runs,  it  was  a  relatively  simple 
matter  to  go  over  the  printer  tape  after  com- 
pletion of  each  run  and  write  on  the  tape  a 
complete  identification  of  each  check  point. 
The  clock  time  and  vehicle  odometer  reading 
recorded  for  each  check  point  constituted  a 
check  on  the  operation  of  the  electronic 
measuring  and  recording  equipment. 

The  numbers  of  access  points  were  recorded 
for  each  study  section,  using  hand  counters. 
A  separate  count  was  made  for  cross  roads 
and  cross  streets,  residential- driveways,  and 
commercial  driveways.  Each  intersecting 
highway  or  street  was  counted  as  one  cross 
road  regardless  of  whether  it  actually  crossed 
the  study  route  or  terminated  at  it.  All 
residential  driveways  and  all  entrances  and 
exits  to  commercial  establishments  on  both 
sides  of  the  route,  on  divided  as  well  as 
undivided  highways,  were  included  in  the  total 
count  of  access  points.  Where  a  commercial 
entrance  was  very  wide,  each  40  feet  of  width 
was  counted  as  one  access  point.  The  ob- 
server counted  commercial  and  residential 
driveways  with  two  hand  counters,  while  the 
vehicle  operator  counted  cross  roads  with  a 
third  hand  counter. 

Toll  route  comparison  sections 

On  each  of  14  sections  of  the  study  route 
designated  as  toll  route  comparison  sections, 
users  desiring  to  travel  from  one  end  of  the 
section  to  the  other  had  a  choice  between 
using  a  major  nontoll  highway  built  to  stand- 
ards associated  with  roads  of  uncontrolled 
access  and  a  toll  road  built  to  conform  with 
the  highest  design  standards   (see  table  2). 
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Table  3. — Average  overall  speeds  and  rates  of  fuel  consumption  of  station  wagon  on  primary 
routes,  by  type  of  route  and  number  of  traffic  lanes 


Type  of  route 

Average  overall 
speed  in  miles 

Werage  overall  rate  of  fuel  consumption 

per  hour 

In  gallons  per  mile 

In  miles  per  gallon 

2-lane 

I'Olllr 

4-lane 
route 

2-lane 
route 

4-lane 
route 

2-lane 
route 

4-lane 
route 

Controlled-aeeess  rural  divided  highways 

Routes  without  controlled  access: 

Main  urban  routes  in  large  cities: 

49.7 

23.0 
24.9 
29.6 

60. 1 

47.8 

24.3 
31.1 

27.  2 

0.08 

.08 
.07 
.07 

0  09 

lis 

.07 

.07 
.07 

12.5 

12.  5 
14.3 

14.3 

11.  1 

12.  5 

14.3 

1 1  3 
14.3 

i  Exclusive  of  small  towns. 


At  each  of  these  sections  a  special  study  was 
carried  out  to  obtain  directly  comparable  data 
of  passenger-car  operations  on  the  toll  roads 
and  the  alternate  free  routes.  For  each  com- 
parison section  the  termini  were  common  to 
both  routes.  In  most  cases,  the  toll  road 
routes  included  short  sections  of  free  route  at 
each  end  to  connect  the  toll  routes  to  the  free 
routes  at  the  common  end  points. 

At  each  toll  route  comparison  section  three 
test  runs  were  made,  traveling  on  the  free 
road  from  the  designated  initial  point  to  the 
end  point  and  returning  on  the  toll  road. 
Special  runs  made  on  the  New  York  Thruway, 
where  the  most  severe  terrain  conditions  were 
found,  demonstrated  that  there  was  no  signif- 
icant difference  in  the  toll  road  data  by 
direction  of  travel.  The  operation  of  the 
vehicle  on  test  runs  and  the  kinds  of  data 
collected  on  each  run  were  the  same  as  de- 
scribed above  for  all  test  runs,  except  that  on 
the  toll  road  the  electronic  recording  equip- 
ment was  operated  for  only  one  toll  road  test 
run  at  each  comparison  section.  It  was  not 
considered  necessary  to  the  conduct  of  the 
study  to  operate  the  traffic  impedance  ana- 
lyzer to  record  speed  changes  for  more  than 
one  toll  road  run  because  of  the  inherent 
uniformity  of  speeds  encountered  in  toll  road 
operations. 

Analysis  of  Study  Vehicle  Data 

Four  separate  analyses  were  made  of  the 
data  collected:  (1)  A  comparison  of  average 
overall  speeds  and  rates  of  fuel  consumption 
of  a  passenger  vehicle  operating  on  highways 
with  the  highest  design  standard  (toll  roads) 
as  compared  with  operation  on  major  thorough- 
fares without  access  control  and  without  many 
of  the  other  modern  design  features;  (2) 
determination  of  the  effect  on  the  passenger- 
vehicle  operation  on  major  thoroughfares,  of 
traffic  signals,  access  points,  and  sharp  curves; 
(3)  an  analysis  of  the  relative  use  of  toll  and 
free  routes;  and  (4)  an  investigation  of  the 
average  motorist's  evaluation  of  the  time 
saving  and  improved  driving  comfort  resulting 
from  highway  improvement. 

Fuel  and  time  consumption 

The  overall  average  speed  and  fuel  consump- 
tion rate  of  the  study  vehicle  were  determined 
for  the  distance  between  each  successive 
check  point  of  each  section  of  the  study  route. 

B These    were    computed    from    the   recorded 
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elapsed  time,  fuel  consumption,  and  distance 
data.  The  speeds  and  rates  of  fuel  consump- 
tion computed  for  all  portions  of  highway 
having  the  same  general  travel  characteristics 
were  then  grouped  together  and  the  average 
values  found  for  each  group — rural  divided 
controlled-access  highways  (the  toll  roads) ; 
and  primary  routes  in  rural  areas,  in  urban 
downtown  areas,  in  urban  areas  outside  the 
downtown  area,  and  in  small  towns. 

The  results,  presented  in  table  3,  demon- 
strate the  general  overall  effects,  on  vehicle 
speeds  and  rates  of  fuel  consumption,  of  those 
improvements  which  would  consist  of  an  in- 
crease in  the  number  of  traffic  lanes  from  two 
to  four,  and  of  those  improvements  which 
bring  about  the  upgrading  of  the  typical  pri- 
mary highway  of  uncontrolled  access  to  the 
level  of  routes  designed  to  the  highest  stand- 
ards (toll  roads) .  The  speeds  and  rates  of  fuel 
consumption  on  rural  routes  were  about  the 
same  for  both  2-lane  and  4-lane  roads  but  both 
were  higher  on  toll  routes  as  compared  to  free 
routes  for  the  typical  traffic  volumes  using  the 
routes.  The  slightly  lower  average  overall 
speed  shown  for  4-lane  rural  roads  with  no 
control  of  access  as  compared  to  2-lane  rural 
roads  was  undoubtedly  due  to  the  much 
higher  traffic  volumes  encountered  on  the 
4-lane  roads. 

On  free  routes  in  urban  areas,  except  in 
small  towns,  the  average  speeds  were  greater 
on  4-lane  than  on  2-lane  roads,  but  in  one 
case  the  fuel  consumption  rates  were  about 
the  same.  In  small  towns  the  average  overall 
speed  was  higher  for  2-lane  roads  than  for 
4-lane  roads,  probably  because  of  the  greater 
frequency  of  traffic  signal  stops  on  4-lane 
routes  (see  table  4).  The  values  in  table  3 
provide  general  indications  but  are  inconclu- 
sive for  direct  computation  of  user  benefits 
since  they  do  not  differentiate  according  to 
traffic  volumes.  They  are  useful,  however,  as 
overall  checks  on  time  and  fuel  benefits 
computed  by  other  means. 

Effect  of  driveways  and  cross  roads 

The  variation  in  the  average  overall  speeds 
and  fuel  consumption  rates  of  the  study  vehicle 
as  related  to  the  frequency  of  driveways  and 
nonsignalized  intersections  (cross  roads)  on 
primary  2-lane  rural  roads  is  shown  in  figure  3. 
This  figure  may  be  used  to  estimate  the  effects 
on  passenger-car  time  and  fuel  consumption 
to  result  through  improvements  reducing  the 


frequency  of  access  points  on  primary  2-lane 
rural  roads  for  the  ranges  of  average  daily 
traffic  volumes  typical  of  such  roads. 

Figure  3  shows  that  where  there  were  fewer 
than  two  cross  roads  per  mile,  both  the  average 
overall  speed  and  the  average  rate  of  fuel  con- 
sumption decreased  with  an  increase  in  the 
frequency  of  driveways  from  less  than  10  to 
10-20  driveways  per  mile.  However,  only  the 
average  overall  speed  continued  to  decrease 
when  the  frequency  of  driveways  was  more 
than  20  per  mile. 

When  the  number  of  cross  roads  per  mile 
exceeded  2,  average  overall  speeds  increased 
slightly  with  an  increase  in  driveway  frequency 
from  less  than  10  to  10-20  per  mile.  This 
slight  increase  reflects  the  circumstance  that  in 
mountainous  terrain,  where  there  are  likely  to 
be  few  farm  entrances,  road  grades  adversely 
affect  vehicle  speeds;  while  in  fiat  or  rolling 
terrain,  where  there  is  usually  a  greater  fre- 
quency of  farms,  road  grades  are  more  con- 
ducive to  higher  overall  speeds.  It  will  be 
noted  that  average  overall  speed  dropped 
abruptly  for  a  driveway  frequency  in  excess  of 
20  per  mile. 

When  there  were  more  than  2  cross  roads  per 
mile,  no  change  in  rate  of  fuel  consumption 
resulted  for  an  increase  in  driveway  frequency 
from  less  than  10  per  mile  to  10-20  per  mile. 
However,  an  increase  in  driveway  frequency  to 
over  20  per  mile  resulted  in  an  appreciable 
reduction  in  fuel  consumption,  presumably  due 
to  the  decreased  speeds  brought  about  by  the 
increased  frequency  of  driveways. 

Traffic  signals,  access  points,  and  sharp 
cu  rves 

Certain  of  the  effects  of  traffic  signals, 
access  points,  and  sharp  curves  on  passenger- 
car  qperation  and  the  frequency  of  occurrence 
of  these  impedances  were  computed,  using  data 
collected  with  the  traffic  impedance  analyzer. 
These  are  presented  in  table  4,  differentiated 
according  to  whether  the  impedances  were  in 
rural  or  urban  areas. 

One  important  effect  of  a  traffic  impedance 
is  to  cause  changes  in  vehicle  speeds.  The 
average  number  of  speed  change  units  shown 
in  table  4  for  each  of  the  three  impedances  is 
the  average  for  each  impedance  of  the  arith- 
metic sum  of  all  speed  changes  associated  with 
the  movement  of  a  vehicle  past  the  impedance, 
each  speed  change  unit  being  a  change  in  speed 
of  1  m.p.h.  For  example,  if  a  vehicle  approach- 
ing a  traffic  signal  at  50  m.p.h.  slows  to  25 
m.p.h.,  increases  speed  to  30  m.p.h.,  and  then 
slows  to  a  stop  followed  later  by  an  increase  in 
speed  back  to  50  m.p.h.,  the  total  number  of 
speed  change  units  would  be  (50  — 25) +  (30 
—  25) +  (30-0) +  (50-0)  =  110  units  of  speed 
change.  All  single  speed  changes  of  3  m.p.h. 
or  less  were  ignored. 

The  percentage  of  traffic  signals  at  which 
the  study  vehicle  was  stopped  and  the  average 
duration  of  traffic  signal  stops,  as  well  as  the 
percentage  of  commercial  and  residential 
driveways  at  which  the  study  vehicle  was 
slowed  by  vehicles  entering  or  leaving  the 
traffic  stream,  are  included  in  table  4  as  im- 
portant impedance  effects  for  consideration  in 
benefit  studies. 
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Figure    3. 


-Average  overall  speeds  and  fuel  consumption  rates  on  primary  2-lane    rural 
roads  as  affected  by  frequency  of  driveways  and  cross  roads. 


The  study  vehicle  was  stopped  by  43  percent 
of  the  traffic  signals  encountered  in  urban 
areas  and  by  30  percent  of  those  in  rural  areas, 
with  an  average  stopped  delay  of  0.29  minute 
and  0.21  minute  in  urban  and  rural  areas, 
respectively. 

The  percentage  of  driveways  at  which  the 
study  vehicle  was  slowed  by  vehicles  entering 
or  leaving  the  highway  at  driveways  was  0.5 
percent  (1  in  200)  in  urban  areas  and  0.8  per- 
cent (1  in  125)  in  rural  areas.  The  average 
number  of  driveway  access  points  per  mile 
on  the  free  routes  studied  was  50.2  in  urban 
areas  and  11.0  in  rural  areas.  The  average 
distances  traveled  by  the  study  vehicle  be- 
tween driveways  at  which  an  entering  or 
leaving  vehicle  caused  a  slowdown  were  com- 
puted, using  these  values,  and  were  found  to  be 
4  miles  in  urban  areas  and  11  miles  in  rural 
areas. 

The  amount  of  saving  in  fuel  and  time  con- 
sumption that  would  accrue  to  users  through 
the  elimination  of  slowdowns  due  to  driveway 
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entrances  and  stops  due  to  traffic  signals  can  be 
computed  using  these  data  together  with  data 
on  the  fuel  and  time  consumed  by  highway 
vehicles  for  stop-and-go  and  slowdown  oper- 
ations (1). 

The  usefulness  to  benefit  studies  of  the  speed 
change  data  shown  in  table  4  will*be  described 
in  a  later  section  of  this  article,  in  connection 
with  the  value  to  users  of  improved  driving 
comfort. 

Relative    Use   of   Toll  and  Alternate 
Free  Routes 

Roadside  interviews  were  conducted  at 
stations  on  both  the  toll  road  and  the  alternate 
free  route  at  each  toll  route  comparison  section 
on  which  the  study  vehicle  was  operated,  to 
obtain  information  both  on  the  relative  use 
of  the  two  routes  and  on  the  factors  affecting 
user  selection  of  one  route  in  preference  to  the 
other.  The  drivers  of  all  passenger  cars 
operating   in    the    direction    from    the    initial 


Table  4. — Frequency  on  primary  highways 
of  traffic  signals,  access  points,  and  sharp 
curves,  and  their  effect  on  operation  of 
the  studv  vehicle 


Urban 

Rural 

areas 

areas 

Average  number  of  imredances  per 

mile: 

1.96 

/  '  0. 05 
\    '  .20 

5.8 

Residential  drivewavs 

16.0 

Commercial  driveways  2 

34.2 

5.2 

50.2 

11.0 

10.6 

1.9 

Effects  of  impedances  on  study  ve- 

hicle: 

Traffic  signals  at  which  studv 

vehicle  was  stopped,  .percent. . 

43 

30 

Average  stopped  delay  at  traffic 

signals minutes.. 

.29 

.21 

Average  number  of  speed  change 

units  3  per  traffic  signal  stop... 

60 

SO 

Driveways  2  at  which  study  ve- 

hicle was  slowed  by  entering 

or  leaving  vehicle percent.. 

.5 

.8 

Average  number  of  speed  change 

units  2  per  driveway  3  at 

which  study  vehicle  was 

slowed  by  entering  or  leaving 

20 

20 

Average  number  of  speed  change 

units  3  per  sharp  curve      ..  .. 

IS 

15 

1  0.05  for  2-lane  roads;  0.20  for  4-lane  roads. 

2  For  wide  commercial  entrances,  each  40  feet  of  width 
was  counted  as  one  access  point. 

3  The  number  of  speed  change  units  for  any  impedance  is 
the  arithmetic  sum  of  speed  changes  associated  with  the 
impedance. 


point  to  end  point  of  each  comparison  section 
during  a  1-day  interview  period  (8  a.m.-8 
p.m.)  were  stopped  at  each  interview  station 
and  asked  the  following  questions: 

1.  What  is  the  origin  of  this  trip? 
(If  the  origin  reported  was  the  city 
in  which  the  initial  point  of  the  com- 
parison section  was  located,  the 
driver  was  asked  to  give  the  street 
address.) 

2.  What  is  the  destination  of  this 
trip? 

3.  What  is  the  purpose  of  this 
trip? 

4.  Why  are  you  using  this  route 
rather  than  the  alternate  toll/free 
route? 

The  two  interview  stations  for  each  com- 
parison section  were  operated  by  the  highway 
department  of  the  State  in  which  the  particu- 
lar section  was  located,  during  the  week  that 
the  test  runs  were  being  made. 

The  data  obtained  at  the  roadside  interview 
stations  at  both  the  toll  and  free  routes  of 
each  of  the  14  toll  route  comparison  sections 
were  analyzed  to  determine  the  relative  use 
of  high-type  roads  on  which  a  toll  is  levied 
and  alternate  free  routes  of  lower  design  stand- 
ards. Since  the  interview  data  included  trip 
purposes  and  driver  responses  to  the  interview 
question  regarding  drivers'  reasons  for  select- 
ing whichever  route  they  were  interviewed  on, 
it  was  possible  to  extend  the  analysis  to  show 
the  relative  importance  of  some  of  the  factors 
influencing  driver  choice  of  route. 

In  computing  the  percentage  of  the  drivers 
electing  to  use  the  toll  road  at  each  comparison 
section  (as  given  in  table  6),  only  drivers 
going  the  full  length  of  the  comparison  section 
whose  trips  originated  at  the  initial  point  of 
the  particular  section  were  included.  Drivers 
whose  trips  originated  beyond  the  origin  city 
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Table  5. — Drivers'  reasons  for  ehoiee  of  loll  road  or  comparable  free  road,  by  route  and  by 

purpose  of  trip  ' 


Section  No.  or  purpose 

Number 

of 

drivers 

responding 

Percentage  of  drivers  rsing  selected  route  for— 

Tine 
saving 

Greater 
safety 

Less 
costly 

Greater 
comfort 
and  con- 
venience 

All  other 
reasons 

DRIVERS  ON  TOLL  ROADS,  BY  ROUTE  SECTION 

1                          ___________ 

94 

05 

321 

281 

84 

3,  20  I 
689 

4.214 
154 
120 

06 
83 
71 
84 
71 

82 
78 
81 
79 
70 

3 

2 
5 
5 
4 

1 
3 
5 
5 

7 

1 
0 
0 
0 

0 

(2) 

0 

2 
0 
0 

18 

9 

20 

4 
21 

11 
15 
12 
8 
14 

12 
0 
4 

7 
4 

6 
4 
0 
8 
3 

18  ...  

19           

2                          _   

3 

4 — _ 

51 - 

6                           ...   __  ___  

7 

11 

DRIVERS  ON  TOLL  AND  FREE  ROADS,  BY  TRIP  PURPOSE 

Work : 

Toll _ 

2,440 

2.  995 

118 
590 

4,784 
2,864 

1.280 

1,497 

00  1 
027 

9,  288 
8,573 

17,861 

83 
25 

83 
31 

81 
12 

78 
24 

73 
32 

80 

21 

52 

3 

0 

4 
0 

4 

(-') 

3 

(2) 

4 
0 

4 
(2) 

2 

2 
10 

1 
9 

(2) 
10 

(2) 
11 

1 

14 

1 
13 

6 

5 
20 

6 
23 

0 
15 

11 
24 

9 
19 

7 
19 

13 

39 

6 
37 

9 
03 

8 
41 

13 
35 

8 

47 

27 

Free .. _ 

Shop: 
Toll 

Free.  .  .  

Vacation: 

Toll               

Free.-  .__    - 

Other  social  or  recre.ition: 

Toll                         

Free 

Other: 

Toll               

Free..  ...  — 

Total: 

Toll 

Grand  total..  ...          ._     

■  See  table  2  for  routes  and  terminal  points  of  comparison  sections.    Sections  8,  9,  10,  and  2'J  are  on.itted  because  data 
analysis  was  incomplete. 
2  Percentage  negligible. 


were  excluded  because  it  was  felt  that  these 
drivers  were  not  local  people  and  not  suffi- 
ciently aware  of  the  travel  characteristics  of 
the  comparable  routes  to  make  a  rational 
choice.  Drivers  whose  trips  originated  or 
ended  at  intermediate  points  were  excluded 
since,  in  most  cases,  they  would  have  to  go 
an  appreciable  distance  out  of  their  way  to 
make  use  of  the  alternate  route. 

Two  significant  items  of  information  useful 
-in  passenger-car  user  benefit  studies  were 
brought  out  by  the  interview  study:  The  rela- 
tive importance  of  the  factors  inducing 
passenger-car  users  to  elect  to  use  a  free  road 
when  a  toll  route  is  available;  and  the  effect 
[of  trip  purpose  on  the  relative  importance  to 
passenger-car  users  of  the  factors  inducing 
them  to  use  either  toll  routes  or  free  routes. 

j  Reasons  for  choice  of  route 

The  upper  portion  of  table  5  shows  for  10  of 
the  toll  route  comparison  sections  the  break- 
down of  the  toll  road  user  responses  to  the 
interview  inquiry  as  to  why  they  elected  to 
use  the  toll  road  instead  of  the  free  road. 
The  reasons  given  by  all  drivers  responding 
to  this  inquiry  were  included,  whether  or  not 
.heir  trip  originated  at  the  initial  point  of 
he  comparison. 

The  breakdown  of  avowed  reasons  for  using 
.oil  roads  shows  that  between  66  and  84 
percent  of  the  toll  road  users  elected  to  use  the 
;oll  route  rather  than  the  free  route  to  save 
ime,    1   to   7  percent  for  reasons  of  safety, 
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2  percent  or  less  to  save  money,  up  to  21 
percent  for  improved  driving  comfort  and 
convenience,  and  up  to  12  percent  for  other 
reasons.  Time  saving  was  obviously  the 
most  important  single  factor  inducing  drivers 
to  travel  on  toll  roads,  with  improved  driving 
comfort  and  convenience  second  in  impor- 
tance. Greater  safety  appeared  to  be  a 
relatively  modest  factor;  and  cost  was 
negligible,  as  would  be  expected.  These  data 
indicate  that  from  the  passenger-car  users' 
point  of  view  the  highway  improvements 
which  bring  about  the  greatest  benefits  are 
those  which  reduce  time  consumption  and 
improve  driving  comfort  and  convenience. 

The  lower  portion  of  table  5  shows  for  the 
same  10  toll  routes  and  free  routes  the  analysis 
of  reasons  given  by  the  drivers  for  electing 
to  use  the  route  they  were  interviewed  on,  for 
each  of  five  categories  of  trip  purpose:  Work, 
shop,  vacation,  social  or  recreation  other 
than  vacation,  and  all  others. 

Considering  the  total  responses,  an  average 
of  21  percent  of  free  road  users  indicated  that 
they  decided  to  travel  on  the  free  road  to  save 
time,  19  percent  made  the  choice  for  greater 
driving  comfort  and  convenience,  13  percent 
to  save  money,  and  47  percent  for  other 
reasons.  Only  a  negligible  number  of  the  free 
road  users  thought  travel  by  the  free  route 
was  safer.  It  will  be  noted  that  the  most 
common  reasons  given  by  free  road  users  for 
using  the  free  route  were  those  in  the  category 
of  "all  others,"  which  included  less  driving 
monotony,  desire  to  shop  or  visit  at  points 


on  the  free  route,  see  a  particular  view,  and 
mechanical  difficulty  with  the  vehicle.  It 
appears  that  on  the  free  roads,  as  on  the  toll 
roads,  when  only  factors  associated  with  the 
highway  itself  are  considered,  time  saving  and 
improved  driving  comfort  and  convenience 
are  of  the  greatest  importance  to  the  passenger- 
car  user.  The  percentage  of  passenger-car 
users  that  used  the  free  route  for  reasons  of 
greater  comfort  and  convenience  was  appreci- 
ably higher  than  the  percentage  of  toll  road 
users  giving  this  reason,  which  may  be 
explained  by  the  greater  frequency  and  wider 
choice  of  restaurants,  motels,  and  gasoline 
service  stations  on  the  free  routes. 

Considering  individual  trip  purposes,  the 
toll  road  users  indicated  that  the  relative  im- 
portance of  the  various  reasons  for  using  the 
toll  road  was  about  the  same  regardless  of  trip 
purpose,  except  that  the  toll  road  users  travel- 
ing to  or  from  work  or  on  shopping  excursions 
were  influenced  somewhat  more  by  time  sav- 
ing and  less  by  comfort  and  convenience  than 
were  other  users.  For  free  road  users  the  rela- 
tive importance  of  the  reasons  for  using  the 
free  route  were  also  nearly  the  same  for  all  trip 
purposes  except  that  most  users  on  vacation 
used  the  free  road  for  "other"  reasons.  Only 
a  relatively  small  percentage  of  free  road  users 
on  vacation  used  the  free  road  either  to  save 
time  or  for  greater  driving  comfort.  In  general 
these  data  indicate  that  there  is  no  appreciable 
overall  difference  in  the  importance  to  users  of 
the  various  types  of  benefit  by  trip  purpose. 

Motorist's  Evaluation  of  Time  Saving 
and  Increased  Drilling  Comfort 

The  data  collected  at  the  roadside  interview 
stations  and  by  operation  of  the  study  vehicle 
on  the  toll  roads  and  alternate  free  routes  at 
the  toll  route  comparison  sections  were  ana- 
lyzed to  obtain  estimates  of  the  value  to  mo- 
torists of  the  time  saving  and  the  greater  driv- 
ing comfort  and  convenience  they  expected  or 
experienced  when  operating  on  the  toll  road. 
Drivers  do  not,  in  general,  consciously  assign 
a  separate  value  to  each  of  these  benefits. 
However,  since  each  is  effective  in  influencing 
driver  selection  of  route,  each  has  a  certain 
amount  of  attractiveness  to  users,  which  may 
be  measured  in  monetary  terms. 

The  analysis  was  based  upon  the  theory  that 
through  travelers  using  toll  roads,  where  a  free 
alternate  route  is  available,  pay  a  premium  to 
do  so  because  they  expect  to  benefit  by  an 
amount  at  least  equal  to  the  toll  charge.  The 
benefits  received  would  be  one  or  more  of  the 
following  types  of  benefit:  Reduced  operating 
costs,  reduced  accident  expectancy  and  costs, 
time  saving,  and  increased  driving  comfort  and 
convenience.  The  value  of  the  first  two  of 
these  benefits  can  be  estimated:  Operating  cost 
saving,  on  the  basis  of  the  fuel  consumption 
difference  on  the  two  routes;  accident  cost 
saving,  on  the  basis  of  published  accident  rate 
and  accident  cost  reports.  The  problem  is  to 
arrive  at  a  value  of  the  other  two  benefits — 
time  saving  and  increased  driver  comfort — 
on  the  basis  of  estimated  values  of  the  first 
two  benefits,  and  a  known  toll  charge  pre- 
sumably paid  to  obtain  these  benefits. 
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i'ahlc  6. — Relative  use  of  toll  roads  and  comparable  free  roads;  trip  lengths,  free   road 
lanes,  and  toll  road  toll  charges;  and  reduction  in  accident  cost  expectancy  on  toll  roads 


Seel  ion  Nil. 

l':issenger  ears  originating 
at  initial  point 

Trip  length 

No.  of 

traffic 

lanes  on 

free  road 

Toll 

charge 

on  toll 
road 

R 

Reduction  in 

accident  cost 

expectancy  on 

toll  road  3 

AA 

Using  toll 
road 

Using  free 
road 

Percent 

using  toll 

road 

P 

Toll 
road 

Free 
road 

1      ..._..    . 

9 
65 
234 

199 
51 

317 
241 
150 
31 
210 

112 

512 

144 

63 

2,338 

5 

15 

8S3 

368 

28 

159 
155 
112 
9 
110 

14 

72 
31 
185 

2,  170 

Pet. 
64 
81 
21 
35 
65 

67 
60 

51 

78 
66 

90 

88 
82 
25 

52 

Mi. 

103. 8 
55.8 
29.2 
53.5 

240.1 

16.0 
49.8 
68.9 
69.3 
27.2 

134. 8 
86.2 
74.3 
65.0 

Mi. 

107.2 
58.7 
29.4 
50.4 

216.7 

16.1 
48.3 
67.8 
62.  9 
26.2 

165.6 
98.6 
80.3 
57.4 

4 
4 
4 
2 
2 

2 
2 
2 
2 
2 

2 
2 
2 
4 

<  i  ills 

130 
60 
30 
75 

370 

20 
100 
90 
85 
30 

245 
14(1 
120 
100 

Cents 
11.0 
6.1 
3.0 
4.8 
19.5 

1.6 

4.7 
6.7 
5.7 
2.5 

19.0 
10.8 
8.4 
5.1 

IS 

19  

2 

3  ....     .      ...  

4       . 

51 

6     .           

7              

8     

9          .       .     

10         .                                     

20 

11                               .      

Total 

1  See  table  2  for  routes  and  terminal  points  of  comparison  sections. 

2  Based  on  unit  accident  cost  expectancy  of  0.07  cent  per  vehicle-mile  on  toll  routes  and  0.17  cent  on  routes  without  access 
control. 


A  difficulty  which  complicated  the  problem 
of  evaluating  time  saving  and  driver  comfort 
benefits  was  selection  of  a  suitable  unit  with 
which  to  measure  driving  comfort.  A  minute 
of  time  could  be  used  to  measure  time  saving 
but  there  was  no  similar  unit  for  measuring 
improvement  of  driving  comfort.  However, 
it  is  generally  recognized  that  uniformity  of 
driving  speed  is  a  characteristic  of  good  driv- 
ing conditions.  Most  of  the  highway  factors 
that  cause  driver  annoyance  such  as  traffic 
lights  and  sharp  curves  cause  vehicles  to 
change  speed,  frequently  causing  them  to 
reduce  speed  to  a  full  stop.  These  consider- 
ations lead  to  the  selection  of  the  speed  change 
unit  of  1  m.p.h.,  already  mentioned  in  con- 
nection with  table  4,  as  the  unit  of  driving 
discomfort.  Each  speed  change  unit  elim- 
inated through  highway  improvement  is 
therefore  considered  a  unit  of  driving  com- 
fort improvement.  In  determining  the  num- 
ber of  units  of  speed  change  for  a  highway, 
only  variations  in  speed  where  the  speed 
change  was  more  than  3  m.p.h.  were  included 
since  variations  up  to  about  this  magnitude 
are  typical  of  normal  driving  under  the  best 
of  conditions.  Using  speed  change  units  as 
a  measure  of  driving  discomfort,  the  driving 
discomfort  of  a  section  of  highway  is  the 
arithmetic  sum  of  all  speed  changes  on  that 
section  of  road,  neglecting  all  single  speed 
changes  of  3  m.p.h.  or  less.  The  unit  value 
of  improved  driving  comfort  is  taken  in  this 
analysis  to  be  the  value  to  users  of  each  speed 
change  unit  of  1  m.p.h.  saved  through  highway 
improvement. 

The  data  obtained  at  each  of  the  14  toll 
route  comparison  sections  are  summarized  for 
the  analysis  of  the  motorist's  evaluation  of 
time  saving  and  increased  driving  comfort  in 
tables  6  and  7.  Since  at  each  comparison 
section  a  series  of  trips  were  made  on  both 
the  free  route  and  toll  route,  all  cost  data  are 
given  in  these  tables  as  differences  between 
the  values  for  a  free  route  trip  and  a  toll  route 
trip.  For  this  purpose  each  free  route  trip 
was  paired  with  a  toll  route  trip  and  the  value 
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of  the  differences  in  time  consumption,  speed 
change  units,  and  fuel  cost,  as  well  as  total 
cost  differences,  are  shown  for  these  com- 
parison trip  pairs  in  table  7.  For  each  com- 
parison section  there  were  two  or  three 
comparison  trip  pairs,  identified  by  the  letters 
A,  B,  and  C. 

Accident  cost  expectancy 

In  table  6  are  presented  data  on  the  per- 
centage of  drivers  electing  to  use  the  toll 
route,  the  trip  lengths,  both  of  the  toll  and 
free  routes,  the  number  of  traffic  lanes  on 
the  free  routes,  the  toll  charge  on  the  toll 
roads,  and  the  reduction  in  accident  cost 
expectancy  on  the  toll  roads  as  compared 
with  the  free  routes.  The  percentage  of 
drivers  electing  to  travel  by  toll  route  was 
determined  from  the  interviews,  using  only 
the  drivers  on  the  compared  routes  whose 
trip  origins  were  at  the  initial  points  of  the 
compared  sections. 

The  saving  in  accident  cost  expectancy  for 
operation  on  the  toll  route  as  shown  in  table 
6  is  the  difference  in  the  average  cost  of  acci- 
dents for  a  passenger  car  traversing  the  full 
length  of  each  comparison  section  over  the 
toll  route  as  compared  to  operation  over  the 
free  route.  The  accident  expectancy  cost  of 
a  passenger  car  on  each  route  is  the  product  of 
the  route  length  in  miles,  the  average  accident 
rate  of  all  types  of  accidents  per  vehicle-mile, 
and  the  average  cost  of  a  passenger-car  acci- 
dent. The  average  accident  rates  used  in 
these  computations  were  151  accidents  per 
100  million  vehicle-miles  on  toll  roads  and  332 
accidents  per  100  million  vehicle-miles  on 
roads  with  no  access  control,  as  reported  in 
The  Federal  Role  in  Highway  Safety  (5) . 

The  average  cost  of  a  passenger-car  accident 
on  primary  rural  routes  with  no  control  of 
access  was  determined  as  $521  per  accident 
by  a  study  of  accident  costs  in  Massachusetts 
in  1953  (fj).  Certain  types  of  accidents  that 
occur  on  such  highways  very  seldom  happen 
on  divided  controlled-access  highways    (such 


as  the  toll  roads),  including  head-on  collisions, 
head-on  side-swipe  collisions,  and  collisions 
with  bicycles  and  scooters.  While  separate 
data  on  such  accidents  were  not  available  for 
primary  rural  routes  alone,  unpublished  infor- 
mation from  the  Massachusetts  accident  study 
showed  that  for  primary  and  secondary  rural 
highways  combined  the  average  cost  of  such 
accidents  amounted  to  $33.  Using  this  value 
as  the  saving  in  average  passenger-car  accident 
cost  achieved  through  the  elimination  of  the 
accident  types  mentioned  as  unlikely  to  occur 
on  toll  roads,  the  average  cost  of  an  accident 
on  toll  routes  is  derived  as  $521 -$33  =  $488. 

Cost  differences 

The  cost  differences  for  operating  over  the 
routes  of  each  comparison  section  are  given  in 
table  7  for  each  comparison  trip  pair.  The 
total  additional  cost  for  operation  on  the  toll 
route  as  compared  to  operation  on  the  free 


Table  7. — Cost  differences  for  operation  on 
toll  road  as  compared  to  alternate  free  road 


Section  No. 

and  trip 

pairs  ' 


Sec.  1 : 
A.. 
B__ 
C. 

Sec.  18: 
A.. 
B__ 
C 

Sec.  19: 
A.. 
B__ 

c. 

Sec.  2: 

A._ 

B_. 

C. 
Sec.  3: 

A.. 

B._ 
Sec.  4: 

A.. 

B._ 

C._ 
Sec.  51: 

A.. 

B._ 

C._ 
Sec.  6: 

A.. 

B._ 
Sec.  7: 

A.. 

B__ 

C. 
Sec.  8: 

A.. 

B._ 

C__ 
Sec.  9: 

A.. 

B__ 
Sec.  10: 

A._ 

B_. 

C 
Sec.  20: 

A.. 

B__ 

C._ 
Sec.  11: 

A.. 

B__ 


Savings  or  additional  costs  for  oper- 
ating on  toll  road  as  compared  to 
free  road  2 


Saving 
in  time 


AT 


Min. 
61 

47 
69 

34 

30 
28 

13 

7 
5 

15 
16 

28 

62 
60 

4 
7 
5 

26 
22 
31 


0 
2 
3 

5 
5 
4 

53 

51 

38 
35 
39 

19 
16 
23 

2 
0 


Saving 

in  speed 

change 

units 

A» 


3.  410 
3.  430 
4,290 

1,795 
2,140 
2,055 

595 
355 

420 

945 
1.540 
2,  020 

4,580 
4,970 

110 
420 
145 

1,915 

1.190 
1,280 

410 
310 

975 
865 
745 

.50 
35 
50 

1,390 
945 

2,040 
1,960 
2,475 

915 
705 
830 

425 
475 


Addi- 
tional 
fuel 
cost 

AF 


Cents 

-1.5 

6.9 


-6.9 
1.2 

1.5 

-2.7 
1.8 
2.7 

11.7 
8.4 
15.3 

105.3 
99.0 

1.8 
5.1 
2.4 

21.6 
16.5 
18.0 

3.6 
12.6 

38.4 
33.0 
45.0 

14.7 

12.9 

6.0 

50.1 
30.6 

-7.5 
-12.3 
-1.5 

24.6 
19.8 
23.4 

52.5 
52.  2 


Total 
addi- 
tional 

costs  3 

AM 


Cents 
117.5 
125.9 
119.9 

47.0 
55.1 

55.4 

24.3 
28.8 
29.7 

81.9 
78.6 
85.5 

455.8 
449.5 

20.2 
23.5 

20.8 

116.9 
111.8 
113.3 


95.9 

117.7 
112.3 
124.3 

42.2 
40.4 
33.5 

276.1 
256.6 

121.7 
116.9 
127.7 

136.2 
131.4 
135.0 

147.4 
147.1 


1  See  table  2  for  routes  and  terminal  points  of  comparison 
sections.  A  comparison  trip  pair  consists  of  one  toll  road 
trip  and  one  free  road  trip. 

2  Savings  in  time  and  speed  change  units  and  additional 
fuel  cost  are  for  full  trip  length. 

3  Total  additional  costs  AA/=i?+AF-A.4.  Values  for 
R  and  AA  appear  in  table  6,  and  are  identical  for  all  trip 
pairs  on  a  given  route  section. 
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route,  for  each  comparison  pair,  is  found  by 
use  of  the  formula: 

AM=R— AA+AF, 

where  AM  is  the  additional  cost  of  operation 
on  the  toll  road,  R  is  the  toll  charge  on  the 
toll  road,  AA  is  the  reduction  in  accident  cost 
expectancy  for  operation  on  the  toll  road 
(table  6),  and  AF  is  the  additional  fuel  cost 
for  operation  on  the  toll  road.  The  values 
for  savings  in  time  and  speed  change  units, 
and  the  additional  fuel  costs,  all  reported  in 
table  7,  were  derived  from  the  data  collected 
by  the  study  vehicle. 

Unit  time  and  speed  change  values 

The  motorists  at  the  initial  points  of  each 
comparison  section  who  wish  to  travel  the 
full  distance  from  the  initial  point  to  the  end 
point  of  a  comparison  section  are  faced  with 
the  choice  between  two  alternatives:  (1)  To 
use  the  toll  road  and  pay  the  extra  cost 
AM  but  save  an  amount  of  time,  AT,  and  a 
number  of  speed  change  units  (driving  com- 
fort), AD;  or  (2)  to  use  the  free  road  and  put 
up  with  the  additional  time  consumption  and 
speed  changes  but  save  the  total  cost  differ- 
ence, AM.  For  the  analysis,  the  percentage  of 
drivers  who  elected  to  use  the  toll  road  at 
each  location  is  represented  by  P,  as  given 
in  table  6. 

The  first  step  undertaken  in  the  analysis 
of  the  data  to  obtain  estimates  of  t,  the  value 
the  average  motorist  places  on  the  saving  of 
one  minute  of  trip  time,  and  s,  the  value 
of  saving  one  unit  of  speed  change,  was  the 
establishment  of  a  relationship  between  these 
unknowns  and  the  study  data,  AM,  AT,  AD, 
and  r,  where: 

r  =  P/(100-P). 

Equations  defining  a  model  of  the  relation- 
ship between  these  variables  were  presented 
by  Nathan  Cherniack  at  a  workshop  conference 
on  economic  analysis  held  in  Washington, 
D.C.,  in  September  1959  (7).  The  following 
simple  equation  is  an  adaptation  of  Cherniack's 
work  appropriate  to  this  analysis  as  developed 
by  G.  P.  St.  Clair,  Director  of  the  Bureau  of 
Public  Roads  Highway  Cost  Allocation  Study: 

+  AM=-ulog  r-tAT-sAD. 

Mr.  St.  Clair's  derivation  of  this  equation  is 
presented  as  an  appendix  to  this  report 
(see  below) . 

The  values  of  t  and  s  were  arrived  at  by 
substituting  the  values  of  AM,  AT,  AD,  and 


The  following  is  a  derivation  of  a  simple 
equation  relating  time  saving,  saving  in  speed 
change  units,  and  cost  difference  for  operation 
on  a  toll  road  rather  than  a  free  road,  and  the 
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r  (the  latter  being  derived  from  P/100  —  P) 
from  tables  6  and  7,  in  a  series  of  equations 
of  the  above  form  and  solving  by  multiple 
regression.  Only  data  for  runs  at  study  loca- 
tions where  the  free  routes  are  2-lane  roads 
were  included  in  the  equations.  It  was  con- 
sidered best  not  to  include  data  for  both 
2-lane  and  4-lane  free  roads  in  the  equation 
for  one  multiple  regression  solution  because 
of  the  differences  in  travel  characteristics 
on  the  two  types  of  road.  Of  particular  con- 
cern was  the  fact  that  passing  maneuvers 
measured  by  the  amount  of  speed  change 
represent  a  greater  annoyance  to  drivers  on 
2-lane  roads  than  they  do  on  4-lane  roads. 
The  data  used  in  the  multiple  regression 
solution  are  those  determined  for  the  27 
comparison  trip  pairs  of  the  10  comparison 
sections  where  the  free  routes  are  2-lane 
roads  (see  table  6). 

The  computations  of  the  values  of  /  and  s 
by  multiple  regression  analysis  were  made  by 
Nathan  Lieder,  statistician  for  the  Office  of 
Research  of  the  Bureau  of  Public  Roads.  The 
values  of  t  and  s,  together  with  the  confidence 
limits  on  the  95-percent  level  of  accuracy, 
were  found  to  be  the  following: 

t  =  2.365    cents  per  minute  ±0.059    cent. 
s  =  0.048     cent    per    speed    change    unit 
±0.062  cent. 

The  estimate  of  the  motorist's  evaluation  of 
a  minute  of  time  saved  is  thus  2.37  cents  on 
the  basis  of  the  data  collected  for  this  study, 
which  agrees  fairly  well  with  the  estimate 
recommended  by  the  American  Association  of 
State  Highway  Officials,  2.58  cents  per  minute 
(3). 

The  estimate  of  the  value  to  motorists  of 
the  elimination  of  one  speed  change  unit  (a  1 
m.p.h.  change  in  speed)  is  0.05  cent.  The 
variance  of  this  estimate,  ±0.06  cent,  is  very 
high,  however,  and  appears  to  indicate  that 
driver  discomfort  is  not  fully  measured  by 
speed  change  units.  Certain  anomalies  in  the 
data  and  general  observations  of  the  field  crew 
of  this  study  also  indicate  that  driver  dis- 
comfort is  greater  than  shown  by  the  number 
of  speed  change  units.  For  example,  one 
obviously  annoying  traffic  condition  is  for  a 
motorist  to  have  to  trail  a  slow-moving  vehicle 
for  many  miles  on  a  2-lane  road  before  finding 
an  opportunity  to  pass.  The  trailing  driver, 
forced  to  travel  at  a  slow  but  uniform  speed, 
is  annoyed  because  his  speed  is  controlled  by 
another  driver  and  because  he  knows  that  to 
gain  relief  he  must  pass  on  a  2-lane  road, 
which  in  itself  is  annoying.  However,  this 
distress  is  not  reflected  in  speed  change  units. 

It  is  evident,  therefore,  that  further  inves- 
tigation is  needed:  First,  to  obtain  more  data 
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percentage  of  traffic  using  the  toll  road,  to 
user  evaluations  of  a  minute  of  time  saving 
and  a  1  m.p.h.  reduction  in  amount  of  speed 
change. 


on  speed  changes  on  route  comparison  sections; 
and  second,  to  incorporate  into  the  analysis 
of  the  motorist's  evaluation  of  relief  from 
driving  annoyance,  other  measures  (of  annoy- 
ance) in  addition  to  speed  change  units.  In 
connection  with  the  latter,  further  analysis  is 
planned  to  exploit  field  data  on  the  trailing 
operations  of  the  study  vehicle  on  2-lane 
roads  which  were  collected  for  this  study  but 
not  contained  in  this  report. 

The  value  to  passenger-car  users  of  a  minute 
of  time  saving  (2.37  cents)  is  considered 
accurate  since  the  average  number  of  units  of 
time  saving  (minutes)  can  be  directly  meas- 
ured. The  analysis  thus  gives  an  accurate 
distribution  between  the  items  of  time  saving 
and  reduced  driving  annoyances  of  the  average 
passenger-car  user's  evaluation  of  the  sum  of 
these  two  benefits.  The  relatively  high  value 
arrived  at  for  each  unit  of  speed  change  saving 
(0.048  cent)  is  due  to  the  allocation  of  the 
travel  discomfort  benefit  value  among  only 
the  number  of  speed  change  units  saved,  when 
it  probably  should  be  allocated  among  the 
number  of  speed  change  units  saved  plus  an 
unknown  number  of  other  discomfort  units 
saved.  To  the  extent  that  the  amount  of 
driving  discomfort  not  measured  by  number  of 
speed  change  units  is  in  any  way  related  to  the 
number  of  speed  change  units,  the  product  of 
0.048  cent  and  the  number  of  speed  change 
units  saved  through  highway  improvement  is 
a  reasonable  estimate  of  the  value  of  the  im- 
proved driving  comfort  benefit  arising  through 
the  improvement.  This  estimate  of  the  user's 
evaluation  of  each  1  m.p.h.  speed  reduction 
may  be  used  to  approximate  driving  comfort 
benefits  arising  through  improvements  which 
reduce  the  number  of  speed  change  units  on 
roads  similar  to  those  for  which  study  data 
were  obtained,  primary  rural  roads  without 
control  of  access. 

Impedance  elimination  values 

In  table  4  the  average  numbers  of  speed 
change  units  associated  with  three  imped- 
ances— a  traffic  signal  stop,  an  access  point 
where  a  through  vehicle  is  slowed  by  an 
entering  or  leaving  vehicle,  and  a  sharp 
curve — are  shown  for  operation  in  rural  areas. 
Multiplying  these  values  by  the  estimate  of 
the  average  motorist's  evaluation  of  the  elimi- 
nation of  one  speed  change  unit,  0.048  cent, 
gives  the  following  estimates  of  the  comfort 
and  convenience  benefits  users  receive  through 
the  given  highway  improvements: 

Elimination  of  a  traffic  signal  stop  in  rural 
areas 4.32  cents. 

Elimination  of  a  sharp  curve 0.72  cent. 

Elimination  of  a  slowdown  (for  a  through 
vehicle)  at  an  access  point 0.96  cent. 


Assume  that  the  number  of  daily  round 
trips  that  will  be  made  from  a  given  origin  O, 
to  a  given  destination  D,  for  a  given  purpose, 
can  be  represented  by  the  following  equation: 
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\t>l>  =  qXVoXlDaXF(C) (1) 

where 

q  =  a  coefficient  related  to  the  propensity 
to    make    trips.      This   value    is    im- 
material for  present  purposes. 
\'o  =  number  of  vehicles  domiciled  in  zone 

of  origin. 
//><.  =  coefficient  of  attractiveness  of  the 
destination  zone  D  for  trips  of  the 
given  purpose  a.  Then,  if  the  pur- 
pose is  home-to-work,  this  coefficient 
would  be  related  to  the  number  of 
employed  persons  in  zone  D. 
/'(()  =a  function  of  the  average  cost  of  trip,  C. 

The  number  of  trips  for  all  purposes  is  given 
by  the  equation: 

V0D=qX  V0XF(Q  X2/„ 

where  Zln  =  Ia  +  h+  h  +    .   ...  In,  the  sum 
of  all  trip  purpose  coefficients. 

Let  the  following  represent  the  cost  func- 
tion: 


F(C)  =  W-^. 


(2) 


where  h  is  a  coefficient  to  account  for  the 
unknown  effect  of  travel  cost  on  driver  trip 
decisions. 

This  equation  can  be  simplified  by  putting 
/;  =  ],  but  this  presumably  would  reduce  its 
generality  and  force  it  to  conform  to  a  curve 
that  the  data  might  not  fit.  Furthermore, 
h  =  1  lacks  generality,  since  if  base  e  were  used, 
it  would  produce  a  different  function. 

In   general  this  function   behaves  more  or 


less  as  would  be  wished.  If  C  is  limited  to 
positive  values,  as  it  should  be,  the  function 
has  its  greatest  value,  one,  when  C=Q;  and 
thus  the  number  of  trips  varies  inversely  wit h 
the  cost.  It  is  not  a  perfect  function  but  it 
has  the  virtue  of  simplicity. 

The  equation  therefore  takes  the  form: 


Fod  =  ?XF0X2/„X10-^. 


■(3) 


Alternative  routes. — Equation  3  may  be 
taken  as  applicable  to  all  trips  made  from  O 
to  D,  the  cost  C  being  taken  as  the  average 
cost  of  the  trip  OD.  There  is,  however,  the 
problem  of  the  distribution  of  the  trips  Vod 
among  two  or  more  alternative  routes  having 
different  trip  costs.  The  equation  will  pre- 
sumably hold  for  any  one  alternative,  in 
relation  to  numbers  of  trips  to  other  destina- 
tions. To  assume  that  it  holds  for  the  dis- 
tribution of  trips  to  the  same  destination 
among  alternative  routes,  it  is  necessary  to  say 
that  the  distribution  of  motorists'  subjective 
appraisals  of  certain  cost  elements  (values  of 
time  and  driving  comfort)  is  such  that  the 
distribution  of  trips  among  alternative  routes 
between  the  same  termini  obeys  the  same  cost 
function. 

If  we  reduce  the  subscript  OD  to  0  or  D, 
according  to  the  point  of  origin,  and  take  the 
suffix  numbers  1  and  2  for  two  alternative 
routes  between  0  and  D,  we  may  write,  for 
trips  from  0  to  D: 

V0l  =  qXVoX?Ii>XlO-hCi 
V 02=  qXVoXZloX  10-  »« 
Vox      lO-'"?1 


ro- 


V02     10-  *« 


:10-wi-C2) 


It  becomes  at  once  obvious  that  the  result 
would  be  exactly  the  same  for  trips  originating 
at  D: 

r  =  ro  =  ri)  =  10-MCl-C2) 

logr=-MCl-C2) 

log  r=—h(AC) 

log  r=  -h(AM+tAT+sAD) (4) 

where : 

AAf  =the  net  sum  of  measured  cost  differ- 
ences:   operating    cost,    accident 
cost  expectancy,  and  toll  charge. 
A7T  =  time  difference. 

t=unit  value  of  a  minute  of  time  saved. 
AD= difference  in  speed  change  units. 
s  =  unit  value  of  a  speed  change  unit 

eliminated. 
r=P/(100-P) 

P=  percentage  of  sum  of  travelers  on 
the  two  alternate  routes  who 
elect  to  use  the  toll  road. 

The  signs  of  the  terms  must  be  watched.  If 
the  free  route  is  designated  as  route  1,  then 
AM  is  likely  to  be  negative  and  AT  and  AD  are 
likely  to  be  positive  because  measured  costs 
are  less  on  the  free  route,  while  time  and  driv- 
ing comfort  costs  are  generally  greater. 

Taking  u  =  l/h,  then,  from  equation  (4): 

u  log  r  =  —  AM—tAT—  sAD;  and 

AM=—  ulogr-tAT-sAD (5 
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Moisture  Content  Determination  by  the 

Calcium  Carbide  Gas  Pressure  Method 


BY  THE  DIVISION  OF  PHYSICAL  RESEARCH 
BUREAU  OF  PUBLIC  ROADS 


Reported  by  '  JEROME  R.  BLYSTONE,  ADRIAN  PELZNER, 
and  GEORGE  P.  STEFFENS,  Highway  Research  Engineers 


A  rapid,  reliable  method  of  determining  soil  moisture  content  in  the  field 
with  a  simple,  portable  apparatus  is  an  important  need  in  highway  engineering. 
A  commercially  made  device  for  this  purpose,  which  shows  great  promise, 
measures  moisture  content  indirectly  by  gaging  the  pressure  of  gas  generated 
when  calcium  carbide  reacts  with  the  moisture  in  a  small  soil  sample.  Tests 
of  the  apparatus  are  described  in  this  article,  which  includes  calibration  curves 
for  relating  the  gage  readings  to  moisture  content  derived  by  the  oven-drying 
method.  Test  results  varied  with  the  time  of  mixing  of  the  calcium  carbide  and 
soil,  and  a  3 -minute  mixing  time  is  recommended.  Time-temperature  relations 
of  the  chemical  reaction  were  observed,  but  no  significance  in  this  relation  with 
respect  to  moisture  content  was  found. 


Introduction 

A  QUICK  AND  ACCURATE  METHOD 
of  determining  moisture  contents  in  soil 
materials  has  long  been  one  of  the  goals  of 
soil  engineers.  Researchers  have  devoted 
much  effort  in  developing  gravimetric,  chemi- 
cal, electrical,  nuclear,  penetrometer,  tension, 
and  thermal  methods  for  the  determination 
of  the  moisture  content  of  soils.2     A  chemical 


i  Presented  at  the  40th  annual  meeting  of  the  Highway 
Research  Board,  Washington,  D.C.,  January  1961. 

'  See  Bibliography  on  Methods  for  Determining  Soil  Moisture, 
by  M.  D.  Shaw  and  W.  C.  Arble,  Pennsylvania  State  Uni- 
versity, Engineering  Research  Bulletin  B-78,  1959. 


method   using   calcium   carbide   as  a  reagent 
is  showing  great  promise. 

The  principle  involved  in  this  chemical 
method  for  moisture  determination  is  that  a 
given  quantity  of  moisture  will  react  with 
calcium  carbide  to  produce  a  specific  volume 
of  gas  (acetylene).  The  reaction  is  as  follows: 
CaC2  +  2H20=Ca(OH)2+C2H2.  Based  on  this 
principle,  a  device  was  developed  in  England 
that  confined  in  a  pressure  vessel  the  gas 
produced  from  this  reaction.  The  gas  pres- 
sure is  read  on  a  gage  located  on  one  end  of 
the  pressure  vessel,  the  gage  being  calibrated 
to  read  in  percentage  of  moisture  based  on  the 
wet  weight  of  the  sample. 


Although  the  device  has  been  used  in  Eng- 
land for  several  years  for  moisture  deter- 
minations of  foundry  sand,  it  has  only  been 
used  by  highway  engineers  in  the  United 
States  for  about  2  years.  This  article  de- 
scribes the  results  of  a  study  by  the  Bureau 
of  Public  Roads  to  determine  the  accuracy 
and  usefulness  in  highway  soil  testing  of  a 
commercially  manufactured  "moisture  tester." 

Apparatus  and  Testing  Procedure 

The  moisture  tester  is  a  hollow  aluminum 
vessel  having  a  pressure  gage  on  one  end  and 
a  cap  with  a  clamping  arrangement  on  the 
other.  The  manufacturer  makes  two  sizes 
of  moisture  testers,  one  for  a  6-gram  sample 
and  the  other  for  a  26-gram  sample.  Only  the 
larger  device,  having  an  approximate  length 
of  14  inches,  a  cylinder  diameter  of  6  inches, 
and  a  weight  of  3.7  pounds,  was  used  in  this 
study.  This  moisture  tester  is  shown  in 
figure  1.  The  tester  with  its  auxiliary  equip- 
ment— a  carrying  case,  a  tared  scale  for 
weighing  the  sample  to  be  tested,  a  small 
scoop  for  measuring  the  calcium  carbide,  and 
a  table  to  convert  the  moisture  percentage  to 
the  dry  weight  basis  used  in  soils  work — is 
illustrated  in  figure  2. 


Figure  1. — Moisture  tester. 
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Figure  2. — Moisture  tester  with  accessories 
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Figure  3.— Moisture  content  determined  by  moisture  tester  as  related  to  temperature. 
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Preliminary  tests  using  the  procedure 
recommended  by  the  manufacturer  indicated 
that  some  changes  in  method  were  desirable. 
Consequently,  a  variety  of  soil  samples  passing 
the  No.  4  sieve,  and  ranging  from  group  A- 2 
through  group  A-7,  were  used  in  a  procedure 
study. 

The  soil  samples  were  tested  at  varying 
moisture  contents  in  the  moisture  tester  and 
by  the  standard  oven-dry  procedure.  To 
arrive  jat  a  procedure  that  would  give 
moisture  contents  as  close  as  possible  to  those 
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determined  by  oven  drying,  tests  were  per- 
formed using  varying  combinations  of  shaking 
time,  amount  of  reagent,  and  types  (shape, 
size,  and  weight)  of  pulverizers  to  break  up 
clay  lumps.  The  most  effective  pulverization 
of  clay  lumps  was  obtained  by  placing  two 
134-inch  steel  balls,  weighing  0.4  pound  each, 
in  the  moisture  tester  with  the  soil  sample  and 
calcium  carbide,  and  agitating  the  device. 
The  procedure  adopted  for  use  of  the  moisture 
tester  as  a  result  of  these  trials  is  outlined  in 
the  appendix,  page  181. 


Temperature  Study 

The  chemical  reaction  of  the  calcium  carbide 
with  the  moisture  in  some  soils  caused  a  rapid 
rise  in  temperature  in  the  moisture  tester,  and 
it  was  decided  to  study  this  thermal  effect 
more  fully.  An  experimental  program  was 
undertaken  to  determine  if  a  correlation  could 
be  established  between  temperature  and  mois- 
ture tester  readings.  Eleven  soils,  ranging 
from    group    A-2-4 (0)    to   group    A-7-5 (20), 
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Table    1. — Physical    characteristics   of  soils 
used  in  temperature  study 


A.ASHO  soil 
classification 

Liquid 

limit 

Plasticity 
index 

Optimum 
moisture 
content  ' 

Range  oi 

moisture 
contents 
tested  -' 

A-2-4(0) 

24 

6 

Percent 
*14 

Percent 
8.  8-16.  9 

A-3(0) 

XP3 

NP  3 

*9 

4.3-15.2 

A-4(2) 
A-4(2) 

A-4(8) 
A-4(3) 

30 
20 
20 
35 

6 
1 
3 
9 

<  17 
10 
15 
15 

11.8-22.0 
5.8-15.2 
9.  6-19.  8 

11.1-22.3 

A-5(8) 

41 

8 

20 

14.  1-25.  5 

A-7-5(6) 
A-7-5(14) 
A-7-5(19) 
A-7-5(20) 

42 
52 
66 

82 

U 

18 
27 
47 

20 

23 

27 

<33 

15.1-28.0 
18.  4-29.  1 
23.  8-34.  4 
29.4-41.9 

i  AASIIO  Designation  T  99-57,  Method  A. 
"■  Moisture    contents    determined    by    standard    oven-dry 
method, 
s  Nonplastic. 
<  Estimated  optimum  moisture  content. 


were  selected  for  these  tests.  Their  charac- 
teristics are  given  in  table  1. 

A  thermometer  was  taped  to  the  outer  sur- 
face of  the  moisture  tester  at  about  the  mid- 
point of  the  cylinder.  Although  the  thermom- 
eter was  insulated  from  external  temperatures, 
it  was  recognized  that  the  temperature  re- 
corded was  not  the  actual  temperature  inside 
the  moisture  tester.  However,  for  purposes 
of  determining  whether  a  correlation  existed 
between  temperature  and  moisture  tester 
readings,  it  was  not  considered  essential  to 
know  the  actual  inside  temperature  of  the 
moisture  tester. 

After  adding  water  to  the  soil,  the  moisture 
content  was  determined  by  (1)  the  standard 
oven-dry  method,  and  (2)  the  moisture  tester, 
using  the  procedure  described  in  the  appendix 
except  that  readings  were  taken  at  1-minute 
intervals.  When  a  soil  was  tested  in  the  mois- 
ture tester,  the  initial  temperature  prior  to 


the  mixing  of  the  soil  and  the  calcium  carbide 
was  recorded,  then  the  soil  and  chemical  were 
mixed,  and  readings  of  the  pressure  gage  and 
thermometer  were  recorded  at  1-minute  inter- 
vals until  the  temperature  returned  to  within 
5°  F.  of  the  initial  temperature. 

In  this  series  of  tests,  moisture  was  added  to 
the  selected  soil  in  increments  of  about  2  per- 
centage points  until  the  moisture  content  was 
past  the  optimum  moisture  content.  Two 
successive  tests  were  performed  with  the 
moisture  tester  for  each  increment  of  moisture 
tested.  The  readings  of  such  duplicate  tests 
were  often  identical  or  within  0.1  percentage 
point  of  each  other,  and  most  were  within  0.5 
percentage  point  of  each  other.  The  range 
of  moisture  contents  tested  for  each  soil  is 
shown  in  table  1 .  If  the  moisture  contents  of 
the  soils  exceeded  the  limit  of  the  pressure 
gage,  half-sized  samples  (13  grams)  were  used 
and  the  percentage  indicated  on  the  gage  was 
then  doubled.  There  were  1,598  recordings 
of  temperature  and  moisture  tester  readings 
for  the  selected  soils  in  this  temperature  study. 

The  moisture  tester  readings  were  converted 
to  a  dry  weight  basis  using  the  converison 
chart  supplied  by  the  manufacturer.  For  each 
test,  diagrams  of  moisture  content  as  related 
to  temperature  were  plotted  for  1-minute  inter- 
vals until  the  temperature  returned  to  within 
about  5  degrees  of  its  initial  value.  The 
oven-dry  moisture  content  was  also  plotted  as 
a  dashed  vertical  line  on  each  diagram.  Some 
typical  diagrams  are  shown  in  figure  3. 

The  curves  all  fall  to  the  right  of  the  oven- 
dry  moisture  content  line,  indicating  that  the 
moisture  contents  as  determined  by  the  mois- 
ture  tester  were  greater  than  as  determined 
by  oven  drying.  The  greatest  moisture  con- 
tent values  were  at  the  1-minute  moisture 
tester  observations.  Those  moisture  content 
determinations  made  from  the  moisture  tester 
observations  at  4,  5,  and  6  minutes  more 
nearly  approach  the  oven-dry  moisture  content 


Table  2. — Comparison  of  moisture  contents  by  moisture  tester  and  oven  drying 


AASIIO  soil  classification 

Moisture  content  determined  by — 

Moisture  content 
difference  ' 

Dial  reading  on 
moisture  tester 

Calibration  curves 

Oven 
drying 

1  minute 

3  minute 

1  minute 

3  minute 

1  minute 

3  minute 

A-2-4(0) 

Percent 
I       5.0 
10.7 
I      13.8 

f        8.9 
{       12.5 
I      18.0 

(      11.8 
\       15.2 
[       19. 2 

(       14.4 
\       18.9 
[      22.4 

(       19.6 
\       23.0 
I       27.0 

f      22.4 

\       25. 2 
[      29.6 

Percent 
5.0 
10.5 
13.8 

8.7 
12.3 
17.6 

11.6 

14.9 
18.7 

14.0 
18.3 
21.9 

19.4 
22.6 
26.4 

22.2 
24.8 
28.8 

Percent 
5.2 
11.4 
15.1 

9.5 
13.5 
20.5 

12.6 
16.7 
22.0 

15.7 
21.6 

26.  7 

22.6 

27.7 
34.2 

26.8 
31.2 
38.5 

Percent 
5.1 
11.3 
15.4 

9.3 
13.6 
20.6 

12.6 
16.8 
22.1 

15.6 
21.5 

26.8 

23.1 
28.1 
34.0 

27.5 
31.4 
38.0 

Percent 
5.3 
11.2 
15.7 

9.1 
13.5 
20.1 

12.8 
16.5 
21.4 

15.6 
20.4 
26.7 

24.5 
28.9 
35.0 

29.0 
32.4 
37.9 

Percentage 
point 

(i.  l 

-  _  2 

!fi 

-  .4 
.0 

-  .4 

.2 

-  .2 

-  .6 

-  .1 
-1.2 

.0 

1.9 
1.2 
.8 

2.2 
1.2 

-  .6 

Percentage 

point 
0.2 

-  .  1 
.3 

_  .  2 

-  .1 

-  .  5 

.2 

-  .3 

.0 
-1.  1 

-  .  1 

1.4 

.8 
1.0 

1.5 
1.0 

-  .  1 

A-4(5) 

A-6(10) 

A-7-6(9) 

A- 7-5(3) 

A-7-5(20) 

Average  deviation 

.  7 

.5 

I  1  )c\  ut  ion  ol  moisture  content  determined  by  moisture  tester  and  calibration  curve  from  oven-dry  moisture  content. 
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of  the  soil  than  those  at  lesser  time  intervals. 
It  was  anticipated  that  a  relation  might  exist 
between  the  peak  points  of  the  curves  and  the 
oven-dry  moisture  contents,  but  no  such 
relation  could  be  determined. 

Calibration  Curves 

The  moisture  content  data  from  this  temper- 
ature-moisture test  program  were  used  in  de- 
veloping two  calibration  curves  for  conversion 
of  moisture  tester  readings  to  the  equivalent 
of  moisture  contents  obtained  by  oven  drying. 
Tests  covering  a  range  of  moisture  contents 
from  4.3  to  41.9  percent  were  used  in  devel- 
oping these  calibration  curves,  shown  in  figure 
4.  The  moisture  tester  readings  at  1  minute 
and  3  minutes  are  plotted  against  oven-dry 
moisture  contents.  The  1-minute  readings 
were  selected  for  a  calibration  curve  since  the 
first  recordings  of  the  pressure  gage  of  the 
moisture  tester  were  taken  at  1  minute.  A 
calibration  curve  was  developed  for  the  3- 
minute  readings  since  this  time  was  not  con- 
sidered to  be  excessive  for  running  tests  in 
the  field  and  was  adequate  for  the  reaction  of 
the  calcium  carbide  to  occur  with  moisture  in 
clay  soils.  Either  13-  or  26-gram  samples 
were  used  in  the  development  of  the  curves. 

In  order  to  establish  the  validity  of  the 
calibration  curves  and  to  compare  the  devia- 
tions using  the  1-  and  3-minute  curves,  six 
additional  soil  samples  were  selected  for 
moisture  testing.  Each  sample  was  tested 
at  moisture  contents  bracketing  the  optimum 
(AASHO  Designation  T  99).  The  oven-dry 
moisture  content  was  determined  for  each 
moisture  increment  added  to  the  six  soils. 
Using  the  moisture  tester  readings  at  1  and 
3  minutes  and  the  1-  and  3-minute  calibration 
curves  (fig.  4),  a  predicted  oven-dry  moisture 
content  was  determined.  These  predicted 
values,  along  with  the  actual  oven-dry  values, 
and  the  deviation  between  them,  are  shown 
in  table  2. 

The  moisture  content  values  obtained  from 
the  3-minute  readings  tended  to  be  more 
accurate  than  those  for  1-minute  readings. 
For  example,  the  A- 7-5 (20)  soil  had  the 
greatest  deviations  from  true  moisture  content, 
but  the  deviation  of  corrected  moisture-tester 
values  from  oven-dry  moisture  content  was 
2.2  percentage  points  for  the  1-minute  reading 
and  only  1.5  percentage  points  for  the  3- 
minute  reading.  The  average  deviation  for 
the  1-minute  corrected  readings  was  0.7  per- 
centage point,  while  the  average  deviation 
for  the  3-minute  corrected  readings  was  0.5 
percentage  point — only  a  0.2  percentage- 
point  difference.  Nevertheless,  it  is  recom- 
mended that  the  moisture  test  it  readings  be 
taken  at  the  end  of  3  minutes,  particularly  for 
clay  samples,  to  ensure  complete  reaction  of 
the  calcium  carbide  witli  the  moisture,  and 
thus  greater  accuracy. 

Conclusions  and  Applications 

The  moisture  tester  has  been  in  use  in  the 
soils  laboratory  of  the  Bureau  of  Public  Roads 
for  over  a  year.  It  litis  proven  in  be  a  sturdy, 
dependable,  and  reasonably  accurate  instru- 
ment, and  above  all,  fast  and  easy  to  operate. 
It  is   believed   that   by   using   the   procedure 
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Figure  4. — Calibration  curies  for  1-  and  3 -minute  moisture  tester  readings. 
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outlined  in  the  appendix,  even  an  inex- 
perienced operator  will  become  proficient  in 
a  short  time.  By  using  the  3-niinute  calibra- 
tion curve  in  figure  4,  direct  moisture  tester 
readings  can  be  converted  to  a  dry  weight 
basis,  and  a  moisture  content  value  obtained 
that  agrees  closely  with  that  obtained  by 
oven  drying. 

Inasmuch  as  the  calibration  curve  was 
developed  for  the  specific  moisture  tester 
device  tested,  it  is  not  known  that  the  curve 
is  applicable  to  each  tester  made  by  the 
manufacturer.  Consequently,  a  highway  de- 
partment or  other  agency  that  purchases  this 
type  of  moisture  tester  either  should  perform 
check  tests  with  each  device  to  determine 
that  the  calibration  curve  in  figure  4  is  ap- 
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plicable,  or  should  develop  a  calibration  curve 
for  the  specific  moisture  tester  and  local  soils. 

The  calibration  curve  could  be  used  to 
design  a  dial  with  values  of  moisture  content 
on  a  dry  weight  basis,  which  would  expedite 
moisture  content  determinations  and  eliminate 
possible  errors  in  reading  the  calibration  curve. 

There  are  many  applications  of  the  moisture 
tester  in  highway  engineering.  It  is  well 
suited  for  the  control  of  materials  and  con- 
struction practices  where  reasonable  accuracy 
and  rapid  operations  are  required.  The 
moisture  tester  can  also  be  used  as  a  quick 
check  for  field  laboratory  tests  involving 
moisture  content  determinations.  Among  the 
possible  applications  of  the  moisture  tester 
are  the  following: 


Site  locations. — In-place  density  tests;  auger 
and  split-spoon  samples;  sands  used  in  con- 
crete mixtures;  and  proper  moisture  content 
for  earthwork. 

Field  laboratory. — Hygroscopic  moisture; 
development  of  compaction  curves;  and  low- 
value  liquid  and  plastic  limits. 

Thirty-four  State  highway  departments 
have  reported  that  they  have  made  tests 
with  the  calcium-carbide  moisture  tester  and 
several  are  using  the  testers  in  construction 
control.  This  interest  by  the  State  highway 
departments  appears  to  indicate  that  tht 
calcium-carbide  moisture  tester  is  rapidly 
being  accepted  by  the  construction  industry 
and  the  engineering  profession. 
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Appendix— PROCEDURE  FOR  USE  OF  26-GRAM  MOISTURE  TESTER 


1.  Place  three  measures  (approximately  22 
grams)  of  calcium  carbide  and  two  l^-inch 
steel  balls  in  the  large  chamber  of  the  moisture 
tester. 


i  This  procedure  is  for  the  26-gram  sized  moisture  tester. 
If  the  moisture  content  of  the  26-gram  soil  sample  exceeds  the 
limit  of  the  pressure  gage,  a  half-sized  sample  can  be  used; 
l  he  percentage  indicated  on  the  dial  is  then  doubled.  Since 
the  sample  to  be  tested  is  relatively  small  (13  or  26  grams), 
care  must  be  taken  to  obtain  a  representative  soil  sample. 


2.  Using  the  tared  scale,  weigh  a  2G-gram 
sample  of  soil.1 

3.  Place  the  soil  sample  in  the  cap;  then, 
with  the  pressure  vessel  in  a  horizontal  posi- 
tion, insert  the  cap  in  the  pressure  vessel  and 
tighten  the  clamp  to  seal  the  cap  to  the  unit. 

4.  Raise  the  moisture  tester  to  a  vertical 
position  so  the  soil  in  the  cap  falls  into  the 
pressure  vessel. 

5.  Holding  the  moisture  tester  horizontally, 
manually  rotate  the  device  for  10  seconds  so 


thai  the  steel  balls  are  put  into  orbit  around 
tin-  inside  circumference,  and  thru  rest  for 
20  seconds.  Repeat  the  shake-rest  cycle  for 
a  total  of  3  minutes.  Do  not  allow  the  steel 
balls  to  fall  against  either  the  cap  or  the  orifice 
leading  to  the  dial,  since  this  might  cause 
damage. 

(i.  Read  the  pressure  gage  of  the  moisture 
tester  and  determine  the  moisture  content  of 
the  soil  on  a  dry-weight  basis  from  the  cali- 
bration curve. 


New  Publications 

Construction  Specifications  for 
Federal  Highway  Projects 

The  Bureau  of  Public  Roads  has  recently 
published  a  new  edition  of  Standard  Specifi- 
cations for  Construction  of  Roads  and  Bridges  on 
Federal  Highway  Projects.  As  indicated  by 
the  title,  the  book  is  intended  primarily  for  use 
in  the  construction  of  Federal  road  and  bridge 
projects  under  the  direct  supervision  of  the 
Bureau.  Such  projects  include  work  for  which 
Public  Roads  receives  direct  appropriations, 
as  for  major  highways  through  National 
Forests,  and  work  performed  by  Public  Roads 
for  other  Federal  agencies. 

The  new  publication,  which  for  simplified 
reference  is  identified  as  FP-61,  supersedes 
the  1957  edition  commonly  known  as  FP-57. 
Numerous  changes  have  been  made  in  an 
effort  to  provide  up-to-date  specifications  for 
those  items  of  work  and  materials  and  con- 
struction methods  that  are  generally  appli- 
cable to  direct  Federal  highway  contracts. 
As  examples,  thicknesses  with  tolerances  are 
now  to  be  shown  for  all  pavement  items;  the 
use  of  diesel   hammers  is  permitted  for  pile 


driving;  and  the  radiograph  method  of  check- 
ing wields  in  steel  structures  is  recognized. 

During  the  revision  of  the  old  specifications, 
the  material  was  reviewed  by  both  field  and 
office  engineers  of  the  Bureau  of  Public  Roads 
and  by  committees  representing  national 
organizations  of  contractors  and  of  producers 
and  suppliers  of  materials  and  equipment. 
Over  a  thousand  different  comments  and  sug- 
gestions were  received  from  these  sources. 
The  benefits  of  these  comments  and  sugges- 
tions are  reflected  in  the  new  book. 

The  371-page  publication  is  available  from 
the  Superintendent  of  Documents,  U.S.  Gov- 
ernment Printing  Office,  Washington  25,  D.C., 
at  $2.25  per  copy. 

The  FP-61  specifications  are  not  required  or 
intended  to  be  used  in  Federal-aid  highway 
work  performed  by  the  States  with  funds 
administered  by  the  Bureau  of  Public  Roads 
since,  as  prescribed  in  the  basic  Federal-aid 
highway  legislation,  each  State  prepares  its 
own  specifications  for  Federal-aid  highway 
construction,  subject  to  approval  by  Public 
Roads.  However,  these  specifications  will  un- 
doubtedly be  of  interest  to  specifications 
writers  in  particular  and  to  most  engineers 
in  highway  design  and  construction,  as  well  as 
to  engineering  students. 


Highway  Statistics,  1959 

The  Bureau  of  Public  Roads  has  recently 
published  Highivay  Statistics,  1959,  the  fif- 
teenth in  this  annual  series.  The  new  bulletin 
presents  the  1959  statistical  and  analytical 
tables  of  general  interest  on  motor  fuel,  motor 
vehicles,  highway-user  taxation,  State  and 
local  highway  finance,  highway  mileage,  and 
Federal  aid  for  highways.  The  153-page  bulle- 
tin may  be  purchased  from  the  Superintendent 
of  Documents,  Government  Printing  Office, 
Washington  25,  D.C.,  at  $1.00  per  copy. 
EarJier  annual  issues  of  the  series,  and  a  sum- 
mary of  Highway  Statistics  to  1955,  are  avail- 
able from  the  Superintendent  of  Documents 
as  indicated  on  the  inside  back  cover  of 
Public  Roads. 

Manual  on    Uniform    Traffic  Control 
Devices 

The  Bureau  of  Public  Roads  is  receiving 
many  requests  regarding  the  availability  of  the 
new  edition  of  the  Manual  on  Uniform  Traffic 
Control  Devices  for  Streets  and  Highways,  the 
preparation  of  which  wras  undertaken  last 
year.  It  is  expected  that  the  printing  will  be 
completed  about  June  30. 
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Final  Report  of  Tests  of  Concrete  Containing 

Portland  Blast-Furnace  Slag  Cement 


BY  THE  DIVISION  OF  PHYSICAL  RESEARCH 
BUREAU  OF  PUBLIC  ROADS 


Because  porlland  blast  -furnace  slag  cement  is  being  used  increasingly  as  an 
alternate  for  ordinary  portland  cement,  the  Bureau  of  Public  Roads  several 
years  ago  undertook  a  laboratory  study  of  the  strength,  durability  and  other 
properties  of  air-entrained  concretes  prepared  with  portland  blast-furnace  slag 
cement  as  compared  with  concrete  made  with  ordinary  portland  cement.  The 
final  results  of  that  study  are  reported  in   this  article. 

The  comparisons  showed  that  slag  cement  concrete  had  lower  early  strength 
but  higher  ultimate  strength  than  comparable  portland  cement  concrete,  ac- 
cording to  both  compressive  and  flexural  strength  tests.  Slag  cement  concrete 
also  had  greater  durability,  under  laboratory  freezing  and  thawing  tests.  There 
teas  little  difference  between  the  two  types  in  resistance  to  scaling,  in  outdoor 
tests  where  calcium  chloride  teas  used  for  de-icing. 

Tests  under  intermittent  curing  conditions  indicated  that  the  slug  cement 
concrete  may  require  more  care  and  longer  initial  moist  curing;  but  given 
adequate  curing,  the  slag  cement  concrete  tolerated  greater  variations  in  the 
amount  of  mixing  water  used.  Slag  cement  with  sufficiently  high  slag  content 
may  be  suitable  for  use  with  highly  alkali -reactive  aggregate,  since  the  slag 
content  is  beneficial  in  controlling  the  alkali-aggregate  reaction. 
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Introduction 

PRELIMINARY  REPORT  on  tests  of 
concrete  containing  portland  blast-furnace 
lag  cement,  conducted  by  the  Bureau  of  Pub- 
ic Roads,  was  published  in  1957.2  Tests  were 
nade  of  the  physical  properties  of  air-entrained 
•oncretes  prepared  with  five  type  I  portland 
•ements  and  five  type  IS  portland  blast- 
urnace  slag  cements,  obtained  from  five 
iifferent  cement  plants.  At  each  plant,  the 
ame  clinker  was  used  in  the  manufacture  of 
rath  the  portland  cement  and  the  portland 
>last-furnace  slag  cement  furnished  for  the 
ests.  By  way  of  definition,  portland  blast- 
urnace  slag  cement  is  an  intimately  inter- 
jround  mixture  of  portland  cement  clinker 
ind  granulated  blast-furnace  slag. 

The  preliminary  report  presented  the  results 
)f  all  tests  that  had  been  completed  at  that 
ime,  including  results  of  tests  of  compressive 
ind  flexural  strengths  and  sonic  moduli  of 
elasticity  at  ages  ranging  from  3  through  90 
lays,  on  moist-cured  concrete  prepared  with 
%  6)2,  and  7}i  gallons  of  water  per  bag  of 
•ement.  Results  of  strength  tests  after  28 
lays  of  intermittent  curing,  and  preliminary 
lata  on  drying  shrinkage  and  laboratory  freez- 
ng  and  thawing  tests  were  also  reported. 


f  •  Presented  at  the  40th  annual  meeting  of  the  Highway 

Research  Board,  Washington,  D.C.,  January  1961. 

I  2  Public  Roads,  vol.  29,  No.  10,  October  1957,  pp.  227-232. 
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All  tests  which  were  still  in  progress  at  the 
time  of  the  preliminary  report  have  now  been 
completed.  Strength  tests  have  been  made 
through  ages  of  1  year  for  moist-cured  speci- 
mens and  through  90  days  for  intermittently 
cured  specimens.  Freezing  and  thawing  tests 
were  continued  through  300  cycles.  Volume 
change  measurements  were  made  through  a 
period  of  1  year.  Slabs  placed  in  outdoor 
exposure,  and  subjected  to  natural  freezing 
and  then  thawed  with  commercial  flake  cal- 
cium chloride,  were  rated  for  resistance  to 
scaling  at  the  end  of  two  winters.  Tests  on 
a  41 -gallon  mix  were  begun  and  completed 
after  the  publication  of  the  preliminary  report. 

This  final  report  contains  all  data  published 
in  the  preliminary  report,  plus  all  data  that 
have  been  obtained  since  that  time.  To  avoid 
frequent  repetition  of  the  full  names  of  the 
two  types  of  cement  used  in  the  tests,  portland 
cement,  type  I,  will  hereafter  be  referred  to 
simply  as  portland  cement  (or  type  I) ;  and 
portland  blast-furnace  slag  cement,  type  IS, 
will  be  referred  to  as  slag  cement  (or  type  IS) . 

Conclusions 

The  conclusions  obtained  from  the  results 
of  the  continued  series  of  tests  support  those 
given  in  the  preliminary  report.  All  of  the 
conclusions  derived  from  the  study  are  com- 
bined in  this  final  report,  and  are  presented 
in  the  following  paragraphs. 


Reported  '  by  William  E.  Grieb 

and  George  Werner, 

Highway  Research  Engineers 


Concrete  specimens  prepared  with  the  slag 
cements,  and  continuously  moist  cured,  had 
lower  early  strengths  than  those  prepared  with 
Portland  cements.  However,  at  ages  of  90 
days  and  1  year,  the  slag  cement  concretes  had 
higher  strengths,  and  although  no  tests  at  ages 
greater  than  1  year  were  made,  the  ultimate 
strength  of  the  slag  cement  concretes  probably 
will  continue  to  exceed  those  of  the  concretes 
prepared  with  portland  cement.  The  same 
trends  were  shown  by  both  the  compressive 
and  flexure  strength  tests. 

Concretes  prepared  with  both  types  of  ce- 
ment and  subjected  to  intermittent  curing, 
which  included  1  or  7  days  of  initial  moist  cur- 
ing, had  less  strength,  in  most  cases,  than 
duplicate  concretes  which  were  continuously 
moist  cured  until  tested.  The  concretes  pre- 
pared with  slag  cement  were  affected  more  by 
this  partial  curing  than  those  prepared  with 
portland  cement.  This  is  taken  to  indicate 
that  slag  cement  concrete  may  require  more 
care  and  longer  initial  moist  curing  than  port- 
land  cement  concrete. 

At  an  age  of  1  year,  although  the  strengths 
of  both  types  of  concretes  decreased  with  in- 
creasing amounts  of  water  per  bag  of  cement, 
the  strengths  of  the  concrete  prepared  with 
slag  cement  appeared  to  be  affected  less  by 
changes  in  the  water-cement  ratio  than  the 
strengths  of  concretes  prepared  with  portland 
cement.  This  indicates  that  concrete  prepared 
with  slag  cement,  provided  it  is  given  ade- 
quate curing,  will  tolerate  greater  variations  in 
t  he  amount  of  mixing  water  used  and  still  give 
more  uniform  strength  than  will  portland 
cement  concrete. 

Concretes  prepared  with  slag  or  portland 
cements  from  the  same  plant  had  practically 
the  same  amount  of  shrinkage  on  drying. 

The  sonic  and  static  moduli  of  elasticity  of 
slag  cement  concrete  were  slightly  lower  at 
early  ages  and  higher  at  later  ages  than  those 
for  portland  cement  concrete. 

The  amount  of  air-entraining  agent  needed 
to  entrain  bl/>  percent  of  air  in  concrete  was 
not  uniform  for  the  slag  cements  from  the  dif- 
ferent sources.  This  varied  from  the  same 
amount  as  was  used  with  the  corresponding 
portland  cements  to  about  2}A  times  that 
quantity. 
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Table  1.— 

Chemica 

composition  '  am 

1  physica 

properties  of  cements 

i 

:,l 

Source  A  cement               Source  B  cement 

Source  C  cement 

Source  D  cement 

Source  E  cement     I 

Type  I 

Type  IS         Type  I 

Type  IS 

Type  I 

Type  IS 

Type  I 

Type  IS 

Type  I 

Type  isl 

Mi 

Chemical  composition  (percent): 

20.2 
6.0 
2.8 

63.4 

2.7 

2.3 

1.5 
.08 
.36 
.32 
.10 
.53 
.09 
.28 
.27 
.77 
.  003 

54 

17 
11 

8 

3.9 

31.4 
44.9 

25.0 

8.7 

2.  1 
53.0 

3.7 

2.0 

3.0 
.  12 
.38 
.37 
.08 
.87 
.56 
.57 
.44 
.26 
.005 

3.4 
4.0 
.00 

20.8 

5.  1 

3.  1 
63  6 

2.8 

1.8 

1.6 
.09 
.15 
.  19 
.03 
.51 

.  it 

.  16 
.24 
1.20 
.003 

57 
17 

8 

9 

3  1 

17.7 
23.3 

26.2 

7.8 

2.3 
53.6 

3.6 

2.3 

2.0 
.09 
.20 
.22 
.02 
.85 
.68 
.73 
.28 
.46 
.006 

6.9 
8.0 
.00 

21.1 

5.  1 

2.1 
65.5 

2.4 

1.3 

1.4 
.04 
.43 
.32 
.03 
.03 
.01 
.22 
.28 

1.  60 
.003 

65 
11 
10 

6 

2.2 

46.2 

68.0 

.00 

25.5 

6.8 

1.7 
59.2 

1.8 

1.4 

2.2 
.09 
.82 
.61 
.04 
.08 
.33 
.68 
.28 
.57 
.002 

19.2 
26.2 
.00 

21.0 

5.6 

3.3 
63.4 

2.2 

1.9 

1.2 
.10 
.17 
.21 
.09 
.29 
.08 
.08 
.18 
.39 
.003 

51 
22 

9 
10 

3.2 

5.5 
6.2 
.00 

26.7 

7.6 

2.9 
54.6 

3.3 

2.3 

1.0 
.10 
.18 
.22 
.05 
.32 

1.04 
.20 
2(1 
.  19 
.005 

2.2 
.2.2 

21.3 

5.6 

3.5 
62.5 

1.7 

2.3 

1.3 
.15 

1.02 
.82 
.04 
.07 
.03 
.20 
.24 
.56 
.003 

43 
28 

9 
11 

3.9 

8.3 
9.7 
.00 

26.1 

6.7 

2.4 
55.7 

2.8 

2.2 

2. 2      1 

'.  is  i 

.91    !j 

03 
.50    1 

:26 1 

.44    | 
.24 

.  008  I 

4.2 
5.3 

.00 

ft 

u 

1  1- 

Calculated  compounds  (percent): 

Merriman  sugar  test: 

Calcium  sulfate  5  in  hardened  mortar  as  S03 g./l.. 

Physical  properties: 

3.  14 
3810 
92.4 

.  10 
25.2 
2.9 
5.1 

2700 
3860 
5645 

295 
365 
450 
11.6 

2.99 

5000 
96.0 
.01 
27.6 
2.8 
6.8 

2555 
H70 
6120 

290 
420 
500 

8.4 

3.  12 

3325 

87.5 

.  06 

23.8 

3.7 

5.6 

1620 

2625 
4150 

280 
355 
450 
10.4 

3.03 

4820 

97.6 

.00 

27.2 

3.4 

6.2 

1730 
2630 
5190 

265 
335 
445 

7.4 

3.12 

3425 

80.0 

.09 

20.4 

1.7 

3.4 

1960 
3440 
5145 

265 
360 
415 

8.4 

3.05 

3775 
82.9 
.04 
22.6 
2.6 
3.9 

1740 

2940 
5120 

240 
345 
425 

8.1 

3.  14 
3680 
94.4 

.07 
26.6 
4.2 
6.5 

2635 
3940 
5615 

305 
390 
420 

10.  7 

3.03 

4040 
98.  2 
-.02 
31.2 
3.5 
7.9 

1740 
2750 
4615 

265 
340 
460 
8.3 

3.14 
3555 
96.2 
.04 
26.5 
2.9 
4.8 

2465 
3525 
4965 

320 
375 
435 
9.4 

3.03 

3605 
94.9 
.00 
26.6 
2.8 
6.2 

1525 
2360 
3900 

245 
315 
455 
9.2 

Specific  surface  (Blaine) cm.'/R.. 

Passing  No.  325  sieve .percent- 
Autoclave  expansion do 

Normal  consistency. _ do 

Time  of  setting  (Qilmore):    Initial hours.. 

Final do... 

Compressive  strength  (1:2.75  mortar): 

At  7  days p.s.i.. 

At  28  days ...p.s.i.. 

.'• 

Tensile  strength  (1:3  mortar): 

■ 

1 

False  set  determinations  (ASTM  Method  C359-55T): 

Initial  penetration. mm.. 

5-minute  penetration ...  ..  mm  . 

50+ 

5 

2 

2 
50+ 

36 

18 

50+ 

4 

1 

1 
50+ 

40+ 
2 

50+ 
58+ 
50+ 
49 

50+ 

37 
30 

50+ 

4 

4 
50+ 

40+ 
18 

50+ 
50+ 
50+ 
50+ 
50+ 

40+ 

50+ 
50+ 

8 

3 
50+ 

37 
8 

50+ 

2 

2 

1 
50+ 

40 
31 

5 
0 
0 
0 
14 

50+ 

32 

18 

14 

50+ 

38 
35 

30 

15 
8 
6 

44 

36 
34 

11-minute  penetration mm.. 

Remix  penetration mm.. 

False  set  determinations  (Federal  Standard  Specifica- 
tion No.  158,  Method  2501): 

Initial  penetration mm.. 

5-minute  penetration .  .  mm. 

k 

■ 
1 

i 

Drying  shrinkage  of  mortar: ( 

Shrinkage  28  days              ...  .                ..  percent  . 

.08 

.10 

.08 

.08 

.09 

.10 

.07 

.08 

.09 

.10 

: 

' 

1  All  determinations  made  in  accordance  with  current 

2  Values  for  aluminum  oxide  corrected  for  titanium  an< 

3  Values  for  type  IS  cements  determined  by  ASTM  M 

4  Determined  by  spectrophotometer  method, 
s  Determined  by  ASTM  Method  C  265-55  T. 

«  Determined  by  ASTM  Specification  C  340-55  T. 

ASTM  methods  for  portland  and  portland  blast-furnace  slag  c 
1  phosphorous  oxides  that  are  present, 
ethod  C114-58  T,  sec.  30. 

ement. 

1 

Concretes  prepared  with  the  slag  cements 

Materials  and  Proportions 

report.    The  mix  data  given  in  table  3  con 

for  both  the  5}i-  and    6J4-gallon    mixes    had 

spond  with  those  given  in  the  previous  repc 

greater  durability,  as  measured  by  laboratory 

The  chemical  analyses  and  physical  proper 

except  that  data  for  the  4}^-gallon  mix  a 

freezing  and  thawing  tests,  than  comparable 

ties  of  all  cements  used  in  the  tests  are  givei 

l      included. 

Portland  cement  concretes. 

in  table  1.    Not  included  in  the  previous  repor 

b          The  mixes  were  designed  on  a  water-ceme 

- 

There  was  no  appreciable  difference  in  the 

but  now  presented  in  this  table,,  are  values  fo 

r      ratio  basis  for  air-entrained  concrete  havi 

resistance   to   scaling   between   the    concretes 

phosphorous  pentoxide,  titanium  dioxide,  fre 

3       5^-percent    air,    2-   to    3-inch    slump,    and ! 

prepared  with  slag  cements   and  the   corre- 

lime, and  calcium  sulfate  in  hardened  mortar 

b/b0  (workability  factor)  of  0.72.    The  ceme; 

sponding  portland  cements,  in  outdoor  tests 

The  values  for  aluminum  oxide  were  correctec 

1      contents  were  approximately  7.5,  6.1,  4.9,  ai 

where  calcium  chloride  was  used  for  de-icing. 

for    phosphorous     pentoxide     and     titaniun 

l      4.1  bags  per  cubic  yard  of  concrete  for  wat| 

Mortars  prepared  with  slag  cements  usually 

dioxide  and  there  are  some  slight  changes,  fron 

l      contents  of  4J4,  b}i,  6}i,  and  7%  gallons  p 

produced  less  expansion  when  used  with  re- 

those  previously   published,    in   the   loss   oi 

l      bag  of  cement.    With  one  exception,  the  sac 

active  aggregates  than  similar  mortars  pre- 

ignition and  in  some  of  the  calculated  com 

mix  proportions  were  used  for  all  mixes  havii 

pared    with    the    corresponding    portland    ce- 

pound   values.      Table    1    also    includes   th 

3      the  same  water  content.     This  exception  w 

ments.    The  amount  of  slag  used  in  the  manu- 

results of  tests  for  the  false  setting  propertie 

3      the  mix  containing  6}£  gallons  of  water  wa 

facture  of  the  type  IS  cement  is  beneficial  in 

of  the  cements,  using  ASTM  Method  C  359- 

slag  cement  from  source  D.     A  slight  chanf 

controlling    alkali-aggregate    reaction.       The 

55  T  and  Federal  Standard  Specification  No 

was  made  in  that  mix  in  order  to  maintain  tl 

best  results  are  obtained  with  a  low  alkali  ce- 

158, Method  2501;  and  drying  shrinkage  test 

3      desired  consistency. 

ment  containing  a  high  percentage  of  slag. 

on  mortars,  using  ASTM  Spec.  C  340-55  T. 

Air  was  entrained  in  the  concrete  by  the  u 

Slag  cement  with  a  sufficiently  high  slag  con- 

The grading  and  physical  properties  of  th 

3      of  a  commercial  solution  of  neutralized  Vinsi 

; 

tent  may  be  suitable  for  use  with  highly  alkali- 

fine  and  coarse  aggregates  used  are  given  ii 

i      resin.     The  average  amount  of  air-entrainir 

S 

reactive  aggregate. 

table  2,  and  are  the  same  as  in  the  previou 

3      solution   needed   for   5}£-percent   air   for  tl 

1 
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able  2. — Grading  and  physical  properties 

of  the  aggregates 

White 

Riverton 

Grading  and  physical  properties 

Marsh 

lime- 

sand 

stone 

Grading:     Percentage     passing 

sieves: 

1-inch 

Kin 

34-inch 

711 

40 

98-inch.  _ 

100 

24 

No.4 

96 
79 
66 

0 

No.  8     

No.  16 

No.  30 .-- 

50 

No.  50    .          

23 

7 

No.  100 

Fineness  modulus 

2.79 

7.06 

Physical  properties: 

Bulk  specific  gravity: 

Dry 

2.63 

2.78 

Saturated  surface  dry... 

2.65 

2.79 

Absorption percent. . 

0.4 

0.4 

Strength    ratio    (Ottawa 

sand) : 

Compressive  strength: 

At  7  days -.percent.. 

158 

At  28  days do 

167 

Tensile  strength: 

At  7  days do 

106 

At  28  days. ...do.... 

116 

Los  Angeles  wear  test,  grad- 

ing A,  loss percent. . 

20.2 

Accelerated    soundness, 

NaiSOt,  loss percent.. 



3.5 

Bcretes  containing  the  slag  cements  was  the 
ime  as  was  used  w-ith  the  portland  cements 
om  sources  C  and  E,  V/2  times  as  much  for 
lose  from  sources  A  and  D,  and  2x/i  times  as 
mch  as  that  from  source  B. 

Mixing,  Molding,  and  Curing 
of  Specimens 

The  mixing,  molding,  curing,  and  testing  of 
lecimens  was  done  in  accordance  with  the 
jplicable  AASHO  or  ASTM  methods.  All 
ixing  was  done  in  an  open  pan-type  labora- 
Iry  mixer  of  1%-cubic  foot  capacity.  Both 
le  and  coarse  aggregates  were  used  in  a  wet 
mdition  and  the  amount  of  mixing  water 
;eded  for  each  batch  of  concrete  was  cor- 
ded for  the  free  water  in  the  aggregates, 
he  following  mixing  procedure  was  em- 
oyed:  The  cement  and  the  wet  sand  were 
ixed  for  30  seconds  and  part  of  the  required 
nount  of  water  and  all  of  the  air-entraining 
•lution  were  then  added  and  mixed  for  30 
conds.     The  wet  coarse  aggregate  was  then 


added,  with  the  necessary  amount  of  addi- 
tional water.  The  concrete  was  mixed  for 
2>/2  minutes  after  the  addition  of  the  coarse 
aggregate.  Determinations  were  made  of  the 
slump  and  unit  weight,  and  of  air  content  by 
the  pressure  method.  The  portions  of  the 
concrete  used  for  the  slump  and  unit  weight 
tests  were  returned  to  the  concrete  in  the 
mixer,  and  were  remixed  for  15  seconds  before 
the  test  specimens  were  prepared. 

All  beams  were  made  in  individual  molds. 
Beams  and  cylinders  that  were  to  be  tested 
after  continuous  moist  curing  were  molded, 
cured,  and  tested  in  accordance  with  appli- 
cable AASHO  procedures. 

Beams  for  freezing  and  thawing  in  water  by 
the  slow  cycle  procedure  described  in  ASTM 
Method  C  292  were  moist  cured  for  7  days, 
cured  for  14  days  in  laboratory  air  at  73°  F. 
and  50-percent  relative  humidity,  and  im- 
mersed for  7  days  in  water  at  73°  F. 

Cylinders  and  beams  that  were  cured  inter- 
mittently for  strength  tests,  and  beams  that 
were  cured  intermittently  for  shrinkage  tests, 
were  stored  in  moist  air  or  water  at  73°  F.  and 
in  laboratory  air  at  73°  F.  and  50-percent 
relative  humidity. 

Specimen  slabs  16  by  24  by  4  inches  were 
made  for  outdoor  exposure  to  determine  the 
resistance  of  the  concrete  to  scaling  caused  by 
freezing  and  the  removal  of  ice  by  calcium 
chloride.  A  raised  edge  was  cast  around  the 
perimeter  of  each  slab.  After  being  moist 
cured  for  28  days  under  standard  conditions, 
the  slabs  were  placed  in  the  exposure  plot  for 
freezing. 

During  mixing,  premature  stiffening  was 
noted  in  several  of  the  mixes  containing  slag 
cement.  Tests  had  been  made  in  accordance 
with  ASTM  Method  C  359-55  T  and  Federal 
Standard  Specification  No.  158,  Method  2501, 
to  measure  this  false  setting  of  the  cement, 
and  their  results  are  given  at  the  bottom  of 
table  1.  The  false  set  is  indicated  in  the 
ASTM  procedure  by  loss  of  nearly  all  of  the 
penetration  during  the  11-minute  test  period, 
while  in  the  Federal  method  a  difference 
between  initial  and  final  penetration  of  more 
than  17  millimeters  after  5  minutes  is  con- 
sidered to  be  an  indication  of  false  set.  The 
two  methods  can  be  considered  as  indicating 


that  both  types  of  cement  from  source  A  are 
false  setting  cements,  and  that  those  from 
source  E  do  not  have  false  set.  Both  cements 
from  source  C  would  be  considered  as  equally 
false  setting  by  the  Federal  method,  but  the 
ASTM  method  shows  only  the  slag  cement 
from  that  source  as  having  false  set.  The 
slag  cement  from  source  D  could  not  be  tested 
properly  by  either  method  because  a  plastic 
mix  could  not  be  prepared  with  the  maximum 
amount  of  water  permitted.  While  the  results 
of  these  tests  are  not  conclusive,  in  general 
there  is  a  greater  tendency  toward  false  setting- 
shown  for  the  slag  cements  than  for  the  cor- 
responding portland  cements. 

Discussion  of  Test  Resnlts 

The  results  of  strength  tests  for  the  con- 
tinuously moist-cured  specimens  and  the  inter- 
mittently cured  specimens  are  shown  in  tables 
4-7  and  in  figures  1-3.  Data  for  the  sonic 
and  static  moduli  of  elasticity  are  shown  in 
tables  8  and  9.  The  average  values  for 
drying  shrinkage  tests  are  shown  in  table  10 
and  in  figure  4,  and  the  laboratory  freezing 
and  thawing  data  are  shown  in  table  11  and 
in  figure  5.  These  tables  and  figures  are 
similar  to  those  included  in  the  preliminary 
report  except  that  these  present  complete 
data.  Additional  data  are  given  in  two  new 
tables:  Table  12  contains  the  results  of  tests 
on  concrete  slabs  subjected  to  outdoor  freezing 
and  subsequent  thawing  by  the  use  of  calcium 
chloride;  and  table  13  gives  the  results  of  the 
mortar  bar  expansion  tests  for  alkali-aggregate 
reaction. 

These  data  are  discussed  in  the  following 
text  by  comparing  the  results  of  tests  of 
concrete  containing  slag  cement  with  those  of 
concrete  containing  portland  cement.  In  the 
discussion,  emphasis  is  given  to  the  results 
not  covered  in  the  preliminary  report. 

Compressive  Strength 

Table  4  shows  the  results  of  the  compressive 
strength  tests  of  the  concretes  (moist  cured 
until  tested)  containing  the  portland  cements 
and  the  slag  cements  from  the  five  sources. 
Each  value  in  the  table  is  the  average  of  five 
tests  made  on  6-  bv  12-inch  cylinders.     Mixes 


Table   3. — Mix   data   for  laboratory   specimens  ' 


Cement 

4H  gal. 

of  water 

per  bag  of  cement 

5V2  gal. 

of  water 

per  bag  of  cement 

6H  gal. 

of  water 

per  has  of  cement 

VA  gal. 

of  water  per  bag  o 

cement 

Source 

Type 

Cement 

content 

Slump 

Air 

Vinsol 
resin 
added 

Cement 
content 

Slump 

Air 

Vinsol 
resin 
added 

Cement 
content 

Slump 

Air 

Vinsol 

resin 
added 

Cement 

content 

Slump 

Air 

Vinsol 
resin 

added 

,    A 

I 
IS 

I 
IS 

I 

IS 

I 

IS 

I 

IS 

Bagsl 

cu.  yd. 

7.53 

7.49 

7.52 
7.50 

7.50 
7.50 

7.51 
7.51 

7.52 
7.49 

Inches 
3.0 
2.9 

3.1 
2.9 

3.5 
3.4 

2.7 
1.9 

2.9 
2.6 

Percent 
5.3 

5.4 

5.4 
5.3 

5.6 

5.5 

5.  7 
5.  5 

5.4 
5.6 

Ml. /bag 
30.3 
44.4 

27.0 
65.  1 

25.5 
27.0 

29.6 
56.8 

28.1 
37.8 

Bagsl 

cu.  yd. 

6.07 

6.06 

6.06 
6.04 

6.09 

6.07 

6.07 
6.06 

6.09 
6.06 

Inches 

2.9 

2.8 

2.9 

2.7 

3.3 
3.2 

2.3 
1.3 

2.8 
2.2 

Percent 
5.5 
5.3 

5.6 
5.2 

5.4 
5.5 

5.6 
5.5 

5.4 
5.5 

Ml.lbag 

18.8 
25.2 

15.8 
38.2 

18.1 
17.8 

17.7 
26.5 

19.3 
21.6 

Bagsl 

i'n    i/il. 
4.94 
4.93 

4.93 

4.91 

4.94 
4.93 

4.95 
2  5.  14 

4.94 

4.94 

Inches 
2.6 
2.7 

2.4 
2.6 

2.4 
2.2 

2.1 
2.0 

2.2 
2.0 

Percent 
5.4 
5.6 

5.6 

5.5 

5.5 
5.5 

5.4 
5.4 

5.5 
5.3 

Ml.lbag 
20.  6 
32.3 

19.7 
48.3 

20.7 
22.0 

21.0 
29.2 

22.2 

22.8 

Bagsl 

cu   ml. 

4.  15 

4.  12 

4.15 
4.  14 

4.  16 
4.  14 

4.  14 
4.  15 

4.15 
4.15 

Inches 
2.  1 
2.3 

2.2 
2.3 

2.1 
2.3 

1.9 
1.6 

2.0 
1.8 

Percent 

b.'a 

5.4 
5.2 

5.4 
5.7 

5.  6 

5.7 

5.4 
5.5 

Ml.lbag 
_>n  8 
32.3 

19.4 
49.3 

23.2 
23.  J 

21.  1 
30.7 

23.9 

.'i  8 

1    A 

B 

1    B.. _ 

^    C........ 

I    C 

D __ 

;  d 

E 

E 

1 

Each  value  is  an  average  of  5  tests.    Proportions  bv  oven-dry  weight  (except  as  indicated  in  footnote  2):  41fgallon  mix  =  94-135-255,  51  ^-gallon  mix= 94-190-315,  6^-gallon  mix=94-255- 
),  and  7}3-gallon  mix =94-325-460. 
2  Proportions  by  oven-dry  weight:  94-240-375. 
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Table  4. — Compressive  strength  tests  on  moist-cured  specimens 


Cement 


4H  gallons  of  water  per  bag  of  cement:  Compressive  strength  after- 


5H  gallons  of  water  per  bag  of  cement:  Compressive  strength  after-| 


Source 


Type 


3  (lays 


p.s.i. 
3,440 
3,310(96) 

2,  670 
2,800(105) 

3,010 
2,  430(81) 

3,610 

2,  750(76) 

3,  .wo 
2,480(70) 


7  days 


p.s.i. 
5, 050 
4, 890(97) 

4,570 

4,280(94) 

4,770 
4,  240(89) 

5,270 
4,200(80) 

5,000 
3,440(69) 


28  days 


p.s.i. 
6.730 
7,370(110) 

6,  720 

7, 250(108) 

6,060 

6,  270(103) 

6,940 
7,210(104) 

6,200 
5,580(90) 


90  days 


p.s.i. 
7,590 
8,360(110) 

7,830 
8,870(113) 

7,040 

7,510(107) 

7,610 
8.340(110) 

6,770 
6,290(93) 


1  year 


3  days 


p.s.i. 
8,700 
9,360(108) 

8,400 
9,850(117) 

8,080 
8,430(104) 

8,750 
9,680(111) 

7,520 
7,490(100) 


p.s.i. 
2,610 
2.  340(90) 

1.940 
1,940(100) 

2,070 

1,720(83) 

2,650 
2, 110(80) 

2,680 

1.H30I6M 


7  days 


p.s.i. 
4,030 
3,810(95) 

3,330 

3,020(91) 

3,710 

3,220(87) 

4,160 

3,390(81) 

4,150 

2,  790(67) 


28  days 


p.s.i. 
5,  620 
5,940(106) 

5.400 

5,  790(107) 

5,070 
5,320(105) 

6,050 

6, 150(102) 

5,660 
4,460(79) 


90  days 


p.s.i. 
6, 440 
7,140(111) 

6,380 

7,  640(120) 

5,500 
6,390(116) 

6,920 
7,600(110) 

6,240 

5,900(95) 


1  year 


p.s.i. 
6, 840 
7,840(115)| 

6,730 

8,490(126)| 

6,130 

7,070(115)1] 

7,310 

8,330(114)} 

6,820 
6, 740(99) 


P 


Average,  type  I— 
Average,  type  IS. 


3.250 
2,  750(85) 


4,930 
4,210(85) 


6,530 

6,  740(103) 


7,370 
7,870(107) 


8,290 
8,960(108) 


2.390 

I    !!'.«)( S3 1 


3,880 
3,250(84) 


5,560 
5,530(99) 


6,  300 
6,930(110) 


6,700 
7,690(114) 


El 


Cement 


6)  2  gallons  of  water  per  bag  of  cement:  Compressive  strength  after- 


"Yi  gallons  of  water  per  bag  of  cement:  Compressive  strength  after- 


Source 


Type 


3  days 


7  days 


28  days 


90  days 


1  year 


3  days 


7  days 


28  days 


90  days 


1  year 


A     

I 

A - 

IS 

B     

I 

B _ 

IS 

C - 

I 

c 

IS 

D  .. -. 

I 

I)      

IS 

E 

I 

E      

IS 

p.s.i. 
2,  050 

1,  770(86) 

1.510 
1,440(95) 

1,770 

1.360(77) 

2.  ISO 
1.630(75) 

2,200 
1,350(61) 


p.s.i. 
3,260 
3,060(94) 

2,580 
2,310(90) 

2,950 
2,430(82) 

3,400 

2,440(72) 

3,310 

2,220(67) 


p.s.i. 
4.670 
4,960(106) 

4,180 

4,560(109) 

4,100 
4,240(102) 

4,970 

l.siiiuysj 

4,790 
3,  680(77) 


p.s.i. 
5,  440 
6, 170(113) 

5,190 

6,460(124) 

4,650 

5,030(108) 


6, 110(106) 

5,320 
4,  770(90) 


p.s.i. 
5,590 
6,910(124) 

5.640 

7, 160(127) 

4,920 
5,870(119) 

6,110 

7,060(116) 

5,460 

5,820(106) 


p.s.i. 
1,500 
1,  320(87) 

1,000 
1,070(107) 

1,320 

1,010(77) 

1,600 

1,230(77) 

1,750 
1,010(58) 


p.s.i. 
2,350 
2.250(96) 

1,740 

1,770(102) 

2,240 

1,810(81) 

2,350 
2, 120(90) 

2,760 

1,620(59) 


p.s.i. 
3,710 
3,  780(102) 

2,980 
3,700(124) 

3,  250 
3, 160(97) 

3,810 

3,670(96) 

3,860 
2,  780(72) 


p.s.i. 
4.130 

4,720(114) 

3,620 
4,970(137) 

3,640 

3,870(106) 

4,580 

4,  720(103) 

4,150 

3,600(87) 


p.s.i 

4,200 
5,310(126) 

3,800 
5,770(152) 

3,820 
4,350(114) 

4,640 
5,360(116) 

4,190 

4,390(105) 


Average,  type  I... 
Average,  type  IS. 


1,940 

1,510(78) 


3,100 
2,  490(80) 


4.540 
4,  460(98) 


5,280 
5,710(108) 


5,540 
6,560(118) 


1,430 
1,  130(79) 


2,290 
1,910(83) 


3,520 

3.420(97) 


4,020 
4,380(109) 


4,130 
5,040(122) 


1  Figures  in  parentheses  reprasent  ratios  (in  percent)  of  the  strength  of  the  concrete  containing  type  IS  cement  to  the  strength  of  the  corresponding  concrete  containing  type  I  cem 
Each  value  is  an  average  of  5  tests.    Specimens,  capped  with  neat  Lumnite  cement,  were  6-  by  12-inch  cylinders  stored  in  moist  air  until  tested. 


containing  4%  5)4,  6)4,  and  7)4  gallons  of  water 
per  bag  of  cement  were  tested  at  ages  of  3,  7, 
28,  90,  and  365  days.  The  ratios  (expressed 
as  percentages)  of  the  strengths  of  the  con- 
cretes prepared  with  the  slag  cements  to  the 
strengths  of  the  concretes  prepared  with  the 
corresponding  portland  cements  are  also  given. 
Comparisons  of  the  average  compressive 
strengths  of  the  concretes  prepared  with  the 
slag  cements  from  all  sources  with  the  con- 
cretes prepared  with  the  portland  cements  for 
each  mix  are  shown  (in  solid  lines)  in  figure  1. 
The  data  in  table  4  show  that  the  concretes 
prepared  with  the  slag  cements  from  all  five 
sources  had  lower  strengths  in  most  cases  at 
3  and  7  days  than  the  concretes  prepared  with 
the  corresponding  portland  cements.  The 
only  exceptions  were  some  of  the  mixes  pre- 
pared with  the  cements  from  source  B.  At 
28,  90,  and  365  days,  the  concretes  prepared 
with  the  slag  cements  from  sources  A,  B,  C, 
and  D  had  greater  compressive  strengths,  in 
all  except  3  of  the  48  cases,  than  concretes 
prepared  with  the  portland  cements  from  the 
same  four  sources.  Concrete  prepared  with 
slag  cement  from  source  E  had  lower  com- 
pressive strengths  at  all  ages  up  to  and  includ- 
ing 90  days  than  the  corresponding  concrete 
prepared  with  the  portland  cement,  but  at 
365  days  equal  or  greater  strengths  were 
obtained.  As  shown  in  figure  1,  the  average 
compressive  strengths  for  concrete  prepared 
with  slag  cement  from  all  five  sources  were 
lower  at  3  and  7  days,  approximately  the  same 
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at  28  days,  and  higher  at  90  and  365  days, 
than  the  compressive  strengths  of  concrete 
prepared  with  portland  cement. 

Flexural  Strength 

The  results  of  the  flexural  strength  tests  of 
the  concretes  (moist  cured  until  tested), 
prepared  with  the  portland  cements  and  the 
slag  cements  from  the  five  sources,  are  given 
in  table  5.  Each  value  is  the  average  of  five 
tests  made  on  6-  by  6-  by  21-inch  beams. 
Mixes  containing  4)4,  5)i,  6)2,  and  7)4  gallons 
of  water  per  bag  of  cement  were  tested  at  3, 
7,  28,  90,  and  365  days.  The  ratios  (expressed 
as  percentages)  of  the  flexural  strengths  of  the 
concretes  prepared  with  the  slag  cements  to 
the  flexural  strengths  of  the  concretes  prepared 
with  the  corresponding  portland  cements  are 
also  given.  Comparisons  of  the  average 
flexural  strengths  of  the  concretes  (from  all 
sources)  prepared  with  the  slag  cements  with 
concretes  prepared  with  the  portland  cements 
are  shown  for  each  mix  (in  dashed  lines)  in 
figure  1. 

Approximately  the  same  trends  developed 
for  flexural  strength  as  for  compressive 
strength.  In  most  cases  the  concrete  pre- 
pared with  the  slag  cements  had  lower  flexural 
strengths  at  3  and  7  days  than  the  correspond- 
ing concretes  prepared  with  the  portland 
cements.  The  concretes  prepared  with  the 
slag  cements  from  sources  A,  B,  C,  and  D  had 
greater  flexural  strengths  at  28,  90,  and  365 


days  than  the  corresponding  portland  cem 
concrete  in  all  cases  but  one.  Concretes  p 
pared  with  the  slag  cement  from  source  E  ] 
lower  strengths  at  28  days,  but  equal  or  grea 
strengths  at  90  and  365  days,  than  coi 
sponding  portland  cement  concretes. 

The  average  flexural  strength  of  the  c 
cretes  prepared  with  the  slag  cements  from 
five  sources,  as  shown  in  figure  1,  was  Ioaj 
at  3  and  7  days  but  higher  at  28,  90,  and 
days  than  that  for  the  concretes  prepared  w 
the  portland  cements. 


Effect  of  Water  Content 

The  relations  between  the  strengths  of  c 
cretes  prepared  with  the  two  types  of  ceme 
were  not  much  affected  by  changes  in  wa 
content.  At  3,  7,  28,  and  90  days  there 
little  difference  between  the  strength  rat| 
for  the  4J4-  and  the  7j4-gallon  mixes.  At 
7,  and  28  days  there  was  a  slight  decrease 
strength  ratios  with  increases  in  the  wat 
while  at  90  days  there  was  a  slight  mere; 
in  the  strength  ratios.  At  1  year,  the  p 
centage  increase  in  strength  of  the  slag  cem< 
concrete  over  the  portland  cement  concr 
became  greater  with  each  increase  in  wa 
content.  In  figure  2,  the  ratios  of  the  aversj 
strength  of  the  slag  cement  concretes  at  es 
age  tested  (combined  for  all  five  sources) 
the  average  strength  of  the  portland  cemq 
concretes  at  the  same  age  are  plotted  agaii 
the  water  content  of  the  concretes.    It  will  J 
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ibserved  that,  for  both  compressive  and  flex- 
-  iral  strengths,  at  ages  through  90  days  there 
■  vas  little  difference  in  the  strength  ratios  for 
~he  different  mixes.     At  1  year,  the  strength 

atios  increased  as  the  water  content  increased. 
"This  is  interpreted  to  mean  that  the  ultimate 

trengths,  as  represented  by  the  strengths  at 
year,  of  the  concrete  prepared  with  slag 

lement  were  less  affected  by  changes  in  water 

intent     than     the     strengths     of     concrete 

trepared  with  portland  cement. 

Effect  of  Intermittent  Curing  on 
Strength 

The  effect  of  intermittent  or  partial  curing 

<n  the  compressive  and  fiexural  strengths  of 

oncretes  prepared  with  the  portland  cements 

nd  the  slag  cements  is  shown  in  tables  6  and 

4,  and   average   values   for   all   cements   are 

hown  in  figure  3.     One  mix,  containing  5% 

allons  of  water  per  bag  of  cement,  was  used 

i  these  tests.    Three  groups  of  intermittently 

ured  specimens  were  tested  at  28  days  and 

wo  groups  at  90  days. 

Of  those  tested  at  28  days,  the  first  group 

'as  moist  cured  for  1  day,  then    stored    in 

iboratory  air  at  73°  F.  and  50-percent  relative 

timidity  for  27  days,  and  tested  dry.     The 

jjcond    group    was   moist   cured   for    1    day, 

)llowed  by  26  days  storage  in  laboratory  air, 

-,  aen  immersed  in  water  for  1  day,  and  tested 

j-et.    The  third  group  was  moist  cured  for  7 

I  ays,  followed  by  20  days  in  laboratory  air, 

Tien  immersed  in  water  1  day,  and  tested  wet. 

I  The  fourth  group,  one  of  the  two  tested  at 

I)  days,  was  moist  cured  for  1  day,  followed 

f  88  days  in  laboratory  air,  then  immersed 

water   1  day,  and  tested  wet.     The  fifth 

oup  was  moist  cured  for  7  days,  followed  by 

'2  days  in  laboratory  air,  then  immersed  in 

ater  1  day,  and  tested  wet. 

The   results    of   the    compressive    strength 

sts  on  these  specimens  and  on  specimens 

imtinuously  moist  cured  for  the  same  time 

jriod  (28  and  90  days)  are  given  in  table  6. 

he  ratios  (expressed  as  percentages)  of   the 

ompressive  strengths   of  the   intermittently 

ired  specimens  to  the  strengths  of  duplicate 

mtinuously  moist-cured  specimens  are  also 

yen. 

Of  the  28-day  specimens,  those  in  group  1 
lowed  (fig.  3)  an  average  reduction  in 
rength  of  30  percent  for  the  portland  cement 
mcrete  and  31  percent  for  the  slag  cement 
mcrete  when  compared  with  the  compressive 
rengths  of  similar  continuously  moist-cured 
becimens.  Group  2  showed  a  loss  in  strength 
'  36  percent  for  the  portland  cement  concrete 
id  41  percent  for  the  slag  cement  concrete, 
roup  3  showed  losses  of  10  and  13  percent, 
spectively.  Most  of  the  28-day  specimens 
repared  with  portland  cements  and  inter- 
ittently  cured  showed  a  smaller  average 
eduction  in  compressive  strength  than 
milarly  cured  specimens  prepared  with  slag 
i;ments.  However,  these  differences  were 
;ry  slight.  The  specimens  in  group  1  had 
igher  strengths  for  both  the  portland  and  the 
m  lag  cement  concretes  than  the  specimens  in 
'•oup  2. 
Of  the  90-day  specimens,  those  in  group  4 
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showed  an  average  reduction  in  strength  of 
44  percent  for  the  portland  cement  concrete 
and  52  percent  for  the  slag  cement  concrete, 
Those  in  group  5  showed  losses  of  22  and  28 
percent,  respectively.  All  of  the  90-day 
intermittently  cured  specimens  prepared  with 
portland  cement  showed  less  reduction  in 
strength  than  the  corresponding  specimens 
prepared  with  slag  cement.  The  average 
percentage  reduction  in  compressive  strength 
for  the  slag  cement  specimens  tested  at  90 
days  was  greater  than  for  the  similarly  cured 
slag  cement  specimens  tested  at  28  days. 

For  the  intermittently  cured  specimens  of 
the  portland  cement  concretes  and  the  slag 
cement  concretes  which  were  moist  cured  the 
same  length  of  time,  the  actual  compressive 
strengths  were  approximately  the  same  for 
those  tested  at  28  days  as  for  those  tested  at 
90  days.  This  appears  to  indicate  that  the  dry 
curing  was  not  beneficial  in  development  of 
strength. 

The  results  of  tests  for  fiexural  strength  of 
intermittently  cured  specimens  are  shown  in 


table  7.  These  data  indicate  the  same  gen- 
eral trends  as  were  shown  for  compressive 
strength.  The  portland  cement  concretes 
showed  less  reduction  in  fiexural  strength  due 
to  intermittent  curing  than  the  corresponding 
slag  cement  concretes.  This  difference  be- 
tween the  reductions  shown  for  the  portland 
cement  and  the  slag  cement  concretes  was 
greater  for  the  fiexural  strength  tests  than  for 
the  compressive  strength  tests.  Concrete 
prepared  with  four  of  the  five  portland 
cements  and  one  of  the  slag  cements  and 
tested  at  28  days  developed  as  much  or  more 
strength  when  given  only  7  days  initial  moist 
curing  and  immersed  in  water  24  hours  prior 
to  testing  as  the  concrete  which  was  moist 
cured  continuously  for  28  days.  The  90-day 
tests  did  not  show  this  feature. 

The  average  results  of  these  tests  of  inter- 
mittent curing  are  summarized  in  figure  3. 
The  tests  indicate  that  concrete  prepared 
with  slag  cement  may  be  more  susceptible  to 
defective  curing  practices  than  concrete  pre- 
pared with  portland  cement.    It  is,  of  course, 


1,000 


28         90  365        3         7 

AGE  -  DAYS 

Figure  1.— Compressive  and  fiexural  strengths  of  concretes  made  with  portland  and  slag 

cements. 
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Table  5. — Flexural  strength  tests  on  moist-cured  specimens 


Cement 


4J  gallons  of  water  per  bag  of  cement:  Flexural  strength  after— 


5j  gallons  of  water  per  bag  of  cement:  Flexural  strength  after- 


Source 


Type 


3  days 


'  days 


28  days 


!iu  - 1  i  > 


1  year 


3  days 


'  days 


2S  (l:iys 


90  days 


1  year 


p.S.i. 

575 
545(95) 

505 
495(98) 

500 
460(92) 

590 

485(82) 

595 
445(75) 


p.s.i. 
700 
735(105) 

680 
635(93) 

685 
705(103) 

705 
630(89) 

740 
605(82) 


p.s.i. 
855 
925(108) 

790 
885(112) 

785 
955(122) 

850 
875(103) 

890 
875(98) 


p.s.i. 
895 
1,005(112) 

915 
975(106) 

780 
915(117) 


950(106) 

930 
930(100) 


p.s.t. 
955 
1,090(114) 

910 
1,020(112) 


950(107) 

955 
1,020(107) 

905 
1,010(112) 


p.S.l. 
495 
420(85) 

380 

395(104) 

410 
365(89) 

500 
400(80) 

495 
375(76) 


p.S.l. 
605 
610(101) 

570 
520(91) 

550 
550(100) 

610 
525(86) 

670 
505(75) 


p.s.t. 
730 
880(121) 

740 
750(101) 

630 
730(116) 

750 
775(103) 

805 


p.s.t. 
760 
920(121) 

790 
885(112) 


815(117) 

780 
925(119) 

855 

915(107) 


p.s.i. 
775 
925(119) 

810 
935(115) 

690 
815(118) 

810 
935(115) 

790 
895(113) 


Average,  type  I... 
Average,  type  IS. 


555 
485(87) 


700 
060(94) 


835 
905(108) 


885 

!I.V.  I  KIM 


920 
1,020(111) 


455 

390(X0j 


600 
540(90) 


730 

7X5  ill  is  i 


775 
890(115) 


775 
900(116) 


Cement 


65  gallons  of  water  per  bag  of  cement:  Flexural  strength  after- 


Source 


Type 


3  days 


p.s.i. 
420 
365(87) 

330 
305(92) 

345 
315(91) 

435 
345(79) 

440 
310(70) 


Average,  type  I._ 
Average,  type  IS. 


395 

330(84) 


7  days 


p.s.i. 
560 
535(96) 

485 
440(91) 

505 
475(94) 

555 
485(87) 

620 
445(72) 


545 
475  ( 


28  days 


p.s.i. 
635 
715(113) 

695 
690(99) 

565 
690(122) 

640 
730(114) 

730 
610(84) 


655 

685(105) 


90  days 


p.s.i. 
695 
800(115) 

760 
800(105) 

600 
775(129) 

720 
835(116) 

745 
780(105) 


705 
800(113) 


1  year 


p.s.i. 
655 
820(125) 

720 
825(114) 

615 
755(123) 


870(126) 

700 
850(121) 


675 

825(122) 


7j  gallons  of  water  per  bag  of  cement:  Flexural  strength  after— 


3  days 


p.s.i. 
315 

270(86) 

240 
235(98) 

270 
220(81) 

335 

275(82) 

355 
225(63) 


305 

245(80) 


7  days 


p.s.i. 
425 
435(102) 

370 
365(99) 

430 
355(83) 

455 
395(82) 

490 
340(69) 


435 

3SO(X7) 


28  days 


p.s.i. 
590 
660(112) 

520 
640(123) 

530 
555(105) 

600 
630(105) 

670 
540(81) 


580 

605(104) 


90  days 


p.s.i. 
605 
730(121) 

645 
780(121) 

530 
630(119) 

625 

760(122) 

635 
650(102) 


610 

710(116) 


1  year 


p.s.i. 
580 
770(133) 

610 
815(134) 

540 
650(120) 

645 
750(116) 

615 
745(121) 


600 
745(124) 


1  Figures  in  parentheses  represent  ratios  (in  percent)  of  the  strength  of  concrete  containing  type  IS  cement  to  the  strength  of  the  corresponding  concrete  containing  type  I  cement.    Ea 
value  is  an  average  of  5  tests.    Specimens,  stored  in  moist  air  until  tested,  were  6-  by  6-  by  21-inch  beams  tested  in  accordance  with  ASTM  Method  C-78  with  third  point  loading  on 
18-inch  span;  side  as  molded  in  tension. 


desirable  to  cure  all  concrete  as  perfectly  as 
possible.  Apparently  somewhat  more  care 
must  be  exercised  for  slag  cement  concrete  to 
ensure  obtaining  the  desirable  features  fur- 
nished by  this  type  of  cement. 

Sonic  and  Static  Moduli  of  Elasticity 

The  results  of  tests  for  sonic  moduli  of 
elasticity  are  given  in  table  8.  Determina- 
tions were  made  on  the  6-  by  6-  by  21 -inch 
beams  prior  to  tests  for  flexural  strength.  In 
general,  the  same  trends  as  were  obtained 
with  the  compressive  strength  tests  were 
shown  by  the  sonic  tests.  At  ages  of  3,  7,  and 
28  days  the  portland  cement  concrete  had 
higher  average  sonic  moduli;  and  at  90  days 
and  1  year  the  slag  cement  concrete  had 
higher  average  sonic  moduli  (except  for  the 
P -gallon  mix).  The  difference  in  moduli  for 
the  two  types  of  cement  was  not  great — 
usually  less  than  5  percent. 

The  data  for  the  static  moduli  of  elasticity 
tests  are  shown  in  table  9.  These  data  are 
limited  to  tests  at  each  age  for  the  4^-gallon 
mix  and  to  tests  at  1  year  only  for  the  other 
mixes.  (The  static  moduli  test  apparatus 
was  not  available  for  the  early  age  tests  on 
the  5y2-,  §}{-,  and  7^-gallon  mixes.)  Deter- 
minations were  made  on  6-  by  12-inch  cylin- 
ders by  use  of  an  autographic  stress-strain 
recorder  with  a  6-inch  gage  length,  prior  to 
tests  for  compressive  strength.  The  same 
trends  were  shown  for  the  static  moduli  as 
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were  shown  for  the  sonic  moduli.  The  sonic 
moduli  were  about  7  percent  higher  than  the 
static  moduli. 

Drying  Shrinkage 

Tests  for  shrinkage  in  drying  were  made  on 
concrete  specimens  prepared  with  each  of  the 
portland  and  slag  cements,  using  mixes  with 


5)4  and  6}£  gallons  of  water  per  bag  of  cemen 
The  specimens  were  3-  by  4-  by  16-inch  bean 
with  gage  studs  cast  in  each  end.  Thr 
beams  prepared  with  each  cement  and  wat 
content  were  moist  cured  for  2  days  and  thrc 
sets  were  moist  cured  for  7  days  prior  to  tl 
beginning  of  the  measurements  for  shrinkag 
The   specimens   were   stored   in    room   air 


Table  6. — Compressive  strength  tests  on  specimens  cured  intermittently 


Cement 


Source 


Type 


I 
IS 


Average,  type  I._ 
Average,  type  IS. 


5M  gallons  of  water  per  bag  of  cement:  Compressive  strength  after  curing  for 


28  days 


1  day  moist, 
27  days  dry  s 


4.420  (77) 

4,080  (69) 

3,420  (63) 

4,000  (67) 

3,320  (64) 

3,180  (61) 

4,140  (72) 

4,050  (69) 

4,040  (75) 

3,700  (80) 


3,870  (70) 
3,800  (69) 


1  day  moist, 
26  days  dry, 
1  day  soak  2 


p.s.i. 

3.980  (69) 

3.760  (63) 

3,050  (56) 

3.270  (55) 

3,030  (59) 

2,840  (55) 

3,620  (62) 

3,450  (59) 

3,820  (70) 

2,870  (62) 


3,500  (64) 
3,240  (59) 


7  days  moist, 
20  days  dry, 
1  day  soak  2 


p.s.i. 

5,100  (88) 

5,360  (90) 

4,660  (86) 

4,790  (81) 

4,720  (91) 

4,490  (86) 

5,260  (91) 

5,010  (86) 

4,960  (92) 

4,180  (91) 


4.940  (901 
4,770  (87) 


28  days 
moist 3 


p.s.t. 
5,770 
5,940 

5,400 
5,  950 

5,160 
5,200 

5,790 
5,830 

5,420 
4,  600 


5,510 
5,500 


90  days 


1  day  moist, 
88  days  dry, 
1  day  soak  2 


7  days  moist, 
82  days  dry, 
1  day  soak  2 


p.s.i. 

4,000  (62) 

3,620  (51) 

3,190  (50) 

3,690  (48) 

2,970  (54) 

2,840  (44) 

3.810  (55) 

3,520  (46) 

3.850  (62) 

2,990  (51) 


3,560  (56) 
3,330  (48) 


p.s.i. 

5,140  (fO) 

5,450  (76) 

4,850  (76) 

4,950  (65) 

4,490  (82) 

4,620  (72) 

5,160  (75) 

5,270  (69) 

4,990  (80) 

4,660  (79) 


4,930  (78) 
4,990  (72) 


90  days 
moist 3  4 


p.s.t. 
6.  440 
7,140 

6,380 
7,640 

5,500 
6,390 

6,920 
7,600 

6,240 
5,900 


6,  300 
6,930 


1  Figures  in  parentheses  represent  the  ratios  (in  percent)  of  the  strength  of  the  intermittently  cured  specimens  (6-  I 
12-inch  cylinders)  to  the  strength  of  the  continuously  moist-cured  specimens.    Each  value  is  an  average  of  5  tests. 

2  Specimens  capped  with  sulfur  cement. 

3  Specimens  capped  with  neat  Lumnite  cement. 

1  These  specimens  were  made  on  different  days  than  the  90-day  specimens  which  were  cured  intermittently.    These  a 
the  same  values  as  given  in  table  4. 
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73°  F.  and  50-percent  relative  humidity  for 
90  days,  and  length  measurements  were  made 
frequently.  The  specimens  were  then  im- 
mersed in  water  at  room  temperature  for  14 
days.  This  procedure  was  repeated  three 
times. 

The  average  results  of  the  shrinkage  tests 
for  concretes  prepared  with  the  two  types  of 
cement  and  5}i  and  6]4  gallons  of  water  per 
bag  of  cement  are  shown  in  figure  4,  and  the 
shrinkages  at  the  end  of  the  third  drying 
period  are  given  in  table  10.  These  are 
averages  for  all  concretes  prepared  with  each 
type  of  cement.  The  differences  among  the 
concrete  specimens  prepared  with  the  two 
types  of  cement  were  too  small  to  be  signifi- 
cant. It  appears  that  concern  over  the 
shrinkage  of  concrete  prepared  with  slag 
cement  is  unfounded.  The  result  of  the  dry- 
ing shrinkage  tests  of  mortar  bars,  ASTM 
Spec.  C  340-55  T,  shown  at  the  bottom  of 
-   table  I,  supports  the  same  conclusion. 

Laboratory  Freezing  and  Thawing 

Freezing  and  thawing  tests  were  made  on 
both  slag  and  portland  cement  concretes  pre- 
pared with  5K  and  6}i  gallons  of  water  per 
bag  of  cement.  Beams  measuring  3  by  4  by 
16  inches  were  moist  cured  for  7  days,  followed 
by  14  days  of  storage  in  laboratory  air,  and 
then  immersed  in  water  for  7  days  prior  to 
freezing.  Freezing  and  thawing  was  in 
accordance  with  ASTM  Method  C  292  for 
slow  freezing  and  thawing  in  water.  The 
results  of  these  tests  and  the  durability  factors 
of  the  concretes  are  given  in  table  11  and  are 
shown  in  figure  5.  The  durability  factor  was 
calculated  as  follows: 

DF=(PXN)+M 

Where: 
DF=  durability  factor. 
P=  relative  dynamic  modulus  of  elasticity 
at  N  cycles,  in  percent  (60-percent 
minimum). 
N=  number  of  cycles  at  which  P  reached 
60  percent  or  300,  whichever  is  less. 
M=300  (cycles). 

These  tests  show  that  the  concretes  prepared 
with  the  slag  cement  from  all  five  sources  had 
better  durability,  as  determined  by  laboratory 
freezing  and  thawing,  than  the  corresponding 
concretes  prepared  with  the  portland  cements. 

Sealing  Tests  with  Calcium  Chloride 

In  testing  the  effects  of  calcium  chloride 
when  used  for  ice  removal  on  portland  and 
slag  cement  concretes,  three  mixes  were  used, 
containing  h}{,  6J4,  and  7}i  gallons  of  water 
per  bag  of  cement.  Concrete  slabs  16  inches 
wide,  24  inches  long,  and  4  inches  deep  were 
prepared  with  each  type  of  cement  for  outdoor 
exposure  tests.  They  were  moist  cured  for  28 
days  and  then  stored  in  the  outdoor  exposure 
area.  A  dam  was  cast  around  the  top  perim- 
eter of  each  specimen.  The  slabs  were  in  the 
exposure  area  for  about  6  months  before 
freezing  weather  began. 

•When  freezing  was  expected,  the  top  surface 
of  each  specimen  was  covered  with  one-fourth 
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Figure  2. — Effect  of  water  content  on  ratio  of  strength  of  slag 
cement  concrete  to  strength  of  portland  cement  concrete. 


Table  7. — Flexural  strength  tests  on  specimens  cured  intermittently  ' 


5 

i  gallons  of  water  per  bug  of  cement:  Flexural  strength  af 

er  curing  for— 

Cement 

28   days 

911  days 

Source 

Type 

1  day  moist, 
27  days  dry 

l  day  moist, 

26  days  dry. 
1    day   snak 

7  days  moist , 
20  days  dry, 
1    day  soak 

28  days 
moist 

1  day  moist, 
88 days  dry, 
1    day   soak 

7  days  moist, 
82  days  dry, 

1   day  soak 

90   days 

moist  - 

A 

A 

I 
IS 

p.s.i. 

435  (58) 
470  (54) 

/)  s.j. 
565  (76) 
585  (67) 

p.s.i. 

715  (96) 
730  (83) 

p.s.i. 

745 
875 

p.s.i. 

000    (79) 
535  (58) 

p.s.i. 

710    (93) 
720  (78) 

p.s.i. 

760 
920 

B__ 

B 

I 

IS 

445  (63) 
470  (63) 

425  (6(1) 
515  (69) 

750  (106) 
785  (105) 

710 
745 

445  (501 
525  (59) 

785  (99) 
745  (84) 

790 

SS5 

C 

C 

I 

IS 

445  (63) 
395  (51) 

420  (59) 
410  (53) 

710  (1001 
730  (95) 

710 
770 

370  (53) 
355  (44) 

635  (91) 
720  (88) 

09,-. 
si;, 

D 

D 

I 

IS 

485  (64) 
490  (59) 

570  (75) 
465  (56) 

765  (101) 
815  (99) 

760 
825 

575  (74) 
485  (52) 

7S0  (100) 
830  (90) 

7S0 
925 

E 

E.. 

I 

IS 

480  (63) 
435  (55) 

570  (75) 
465  (59) 

785  (103) 

720  (91) 

7(15 
790 

540  (63) 
445  (49) 

750  (88) 
725  (79) 

855 
915 

Average,  type  I 

Average,  type  IS.-. 

460  (62) 
450  (56) 

510  (69) 
490  (61) 

745  (101) 
755  (94) 

Till 
800 

505  id:. 
470  (53) 

730  (941 
750  (84) 

775 
890 

i  Figures  in  parentheses  represent  the  ratios  (in  percent)  of  the  strength  of  the  intermittently  cured  specimens  to  the 
strength  of  the  moist-cured  specimens.  Each  value  is  an  average  of  5  tests.  Specimens  were  6-  by  b-  by  21-inch  beams  tested 
,ii  ■leeordme"  with  \ST.\1  Method  ('  7s  with  third  point  loading  on  an  18-inch  span;  side  as  molded  in  tension. 

2  These  specimens  were  made  on  different  days  than  the  90-day  specimens  which  were  cured  intermittently.  These  are 
the  same  values  as  given  in  table  5. 
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Figure  3. — Strengths  of  intermittently  cured  port  land  and  slag  cement  concretes  expressed 
as  ratios  of  strengths  of  duplicate  continuously  moist-cured  concretes. 


Tabl 

e8.- 

-Son 

ic  modulus  of  elast 

icity 

1 

Cement 

Sonic  modulus  of  elasticity — pounds  per  square  ineh'XElO6 

4H  gallons  of  water  per  bag  of  cement 

5J-2  gallons  of  water  per  bag  of  cement 

%\i  gallons  of  water  per  bag  of  cement 

7J  i  gallons  of  water  per  bag  of  cement 

Source 

Type 

3 

days 

days 

28 
days 

90 
days 

180 
days 

1 

year 

3 

days 

7 
days 

28 
days 

90 
days 

180 
days 

1 
year 

3 
days 

7 
days 

28 
days 

90 
days 

180 
days 

1 
year 

3 

days 

7 
days 

28 
days 

90 
days 

180 
days 

1 
year 

A... 

I 

IS 

I 

IS 

I 

IS 

I 

IS 

I 

IS 

5.44 
5.22 

4.99 
5.03 

6.28 
5.01 

5.22 
4.97 

5.58 
4.95 

6.01 
5.38 

5.70 
5.52 

6.40 
6.25 

6.05 
5.68 

6.12 
5.38 

6.64 
6.19 

6.51 
6.43 

6.56 
6.39 

6.60 
6.54 

6.71 
6.15 

6.78 

6.75 

6.83 
6.95 

6.57 
6.51 

6.86 
6.85 

6.90 
6.50 

7.07 
7.01 

6.95 
7.13 

6.82 
6.94 

7.25 
7.00 

6.94 
6.76 

7.25 
7.10 

7.05 
7.21 

6.93 
6.99 

7.01 
7.02 

6.96 
6.96 

.... 

5.70 
4.95 

5.75 
5.65 

6.08 
5.95 

6.20 
5.57 

6.38 
6.17 

6.46 
6.11 

6.33 
6.39 

6.43 
6.65 

6.65 
6.27 

6.76 
6.70 

6.52 
6.72 

6.55 
6.57 

6.69 
7.01 

6.78 
6.54 

6.82 
6.84 

6.62 
6.91 

6.69 
6.67 

6.75 
7.18 

6.95 
6.91 

6.92 
6.91 

6.69 
7.09 

6.78 
6.80 

6.82 
7.28 

7.07 
7.19 

4.9.5 
4.79 

4.44 
4.26 

4.62 
4.38 

4.91 
4.66 

5.06 
4.58 

5.73 
5.45 

5.44 
4.97 

5.57 
6.42 

6.69 
5.35 

5.84 
5.30 

6.32 
6.04 

6.19 

5.86 

6.15 
6.20 

6.27 
6.22 

6.45 
5.97 

6.66 
6.71 

6.57 
6.41 

6.33 
6.57 

6.59 
6.63 

6.69 
6.59 

6.80 
6.92 

6.70 
6.71 

6.46 
6.76 

6.72 
6.89 

6.77 
6.81 

6.68 
6.87 

6.60 
6.78 

6.52 
6.72 

6.61 
6.80 

6.66 
6.84 

4.18 
3.85 

3.66 
3.59 

3.99 
3.65 

4.36 
4.00 

4.56 
3.94 

5.22 
4.86 

4.84 
4.61 

5.06 
4.72 

5.19 
4.76 

5.51 
4.73 

5.80 

5.72 

5.62 

5.51 

5.83 
5.73 

5.89 
5.82 

6.15 
5.67 

6.07 
6.16 

6.00 
6.27 

5.98 
6.20 

6.04 
6.33 

6.19 
6.11 

6.15 
6.63 

6.18 
6.66 

6.13 
6.54 

6.02 
6.40 

6.15 
6.42 

6.23 
6.42 

A 

B 

B... 

C 

C 

D 

D... 

E 

E.___ 

Average,  type  I 

Average,  type  IS 

5.30 
5.04 

6.06 
5.64 

6.60 
6.34 

6.79 
6.71 

7.01 
6.97 

7.04 
7.06 

.... 

5.93 
5.53 

6.45 
6.32 

6.66 
6.71 

6.77 
6.96 

6.86 
7.05 

4.80 
4.53 

5.65 
5.47 

6.28 
6.06 

6.57 
6.58 

6.69 
6.82 

6.61 
6.80 

4.15 
3.81 

5.16 
4.74 

5.86 
5.69 

6.06 
6.21 

.... 

6.14 
6.49 

1  Sonic  modulus  determined  on  6-  by  6-  by  21-inch  beams  prior  to  testing  for  fiexural  strength.    Specimens  were  continuously  moist  cured.    Each  value  is  an  average  of  5  tests. 
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to  one-half  inch  of  water.  Each  morning  after 
the  water  had  frozen,  flake  calcium  chloride  I 
was  spread  over  the  ice  at  a  rate  of  2.4  pounds 
per  square  yard  of  ice-encrusted  surface. 
After  the  ice  had  thawed,  usually  about  3: 
hours  later,  the  calcium-chloride  solution  was 
washed  off  and  the  surface  was  again  covered 
with  fresh  water.  The  tests  were  continued 
through  two  winters,  with  a  total  of  55  cycles 
of  freezing  and  thawing. 

The  slabs  were  examined  periodically  and 
rated  by  visual  observation  according  to  th 
amount  and  depth  of  scaling  of  the  exposed 
surface.  A  rating  of  zero  indicated  that  no 
scaling  had  occurred,  and  a  rating  of  10 
indicated  deep  scaling  over  the  entire  surface 
of  the  specimen.  A  summary  of  the  ratings 
is  shown  in  table  12. 

These  tests  showed  very  little  difference 
between  the  behavior  of  the  portland  cement 
concrete  and  that  of  the  slag  cement  concrete. 
However,  considerable  differences  were  found 
among  the  cements,  both  portland  and  sis 
prepared  by  the  different  plants,  and  used  in 
concretes  containing  5%  gallons  of  water  per 
bag  of  cement.  The  concrete  specimens  pre- 
pared with  cements,  both  portland  and  sis 
from  sources  A  and  B  were  generally  much 
more  resistant  to  scaling  by  the  de-icing  agent 
than  the  other  concretes.  When  a  water 
content  of  6)4  or  7}i  gallons  per  bag  was  used, 
severe  scaling  was  found  on  all  specimens 
It  is  apparent  that  the  water  content  of  the 
concrete  is  of  primary  importance  in  the 
scaling  of  concrete  caused  by  de-icing  agents 
Only  when  the  water  content  is  kept  at  a  low 
value  can  differences  in  the  quality  of  the 
concrete  caused  by  other  factors  influence  the 
results  obtained. 

Mortar  Bar  Expansion  Tests 

The  alkali-reactivity  of  both  the  portland 
and  slag  cements  was  evaluated  by  the  mortar 
bar  tests,  as  specified  in  Federal  Specifica- 
tion SS-C-208b  and  ASTM  Specification  C 
340-55  (tests  made  in  accordance  with  ASTM 
Method  C  227-52  T)  for  portland-pozzolan 
cement.  These  tests  involve  the  determina- 
tion of  the  expansion  of  1-  by  1-  by  10-inch 


Table  9. — Static  modulus  of  elasticity  1 


Table  10. — Drying  shrinkage  of  concrete 


Static  modulus  of  elasticity— pounds  per  square  inch  X  10 6 

Cement 

For  mixes  with  4J  i  gallons  of  water  per  bag  of  cement 

At  1  year,2  for  mixes  with  water 
content  per  bag  of  cement  of— 

Source 

Type 

3  days 

7  days 

28  days 

90  days 

1  year 

5,4  gal. 

6J4  gal. 

V4  gal. 

A _ 

I 

IS 

I 

IS 

I 

IS 

I 

IS 

I 

IS 

4.82 
4.63 

4.53 
4.11 

4.30 
4.31 

4.81 
4.38 

4.90 

4.81 

5.89 
5.70 

5.70 
5.67 

5.52 
5.61 

5.91 
4.88 

6.31 
5.29 

6.24 

6.28 

6.01 
6.63 

5.92 
5.95 

6.26 
7.30 

6.82 
6.06 

6.69 
6.86 

6.65 
7.14 

6.51 
6.59 

6.20 
6.93 

6.39 
6.34 

6.66 
6.85 

6.83 
6.96 

6.68 
6.76 

6.65 
6.96 

6.74 
6.84 

6.74 
6.65 

6.42 
6.62 

6.42 
6.34 

6.43 

7.12 

6.90 
6.60 

6.26 
6.68 

6.48 
6.92 

6.21 
6.73 

6.54 
6.70 

6.69 
6.99 

5.70 
6.60 

5.69 
6.70 

5.74 
6.19 

6.26 

6.77 

5.56 
6.45 

A  _. 

B 

B    . 

C 

C 

D      

D 

E 

E 

Average,  type  I.     

Average,  tvpe  IS- 

4.67 
4.45 

5.87 
5.43 

6.25 
6.44 

6.49 
6.77 

6.71 
6.87 

6.58 
6.67 

6.44 
6.80 

5.79 
6.54 

Water 
content 

Initial  moist 
curing 

Final  shrinkage  ' 

Portland 
cement 
concrete 

Slag 
cement 
concrete 

Gal./bag 
5H 
OH 

m 

Days 
2 

7 

2 

7 

Percent 

0.040 

.038 

.042 
.040 

Percent 

0.041 

.040 

.037 
.039 

'  Static  modulus  determined  on  6-  by  12-inch  cylinders  prior  to  testing  for  compressive  strength.  Specimens  were  con- 
tinuously moist  cured.    Each  value  is  an  average  of  5  tests. 

2  No  tests  were  made  at  90  days  or  less  since  the  static  modulus  test  apparatus  was  not  available  during  that  period  of  the 
test  program. 


mortar  specimens  prepared  with  crushed  and 
graded  Pyrex  glass.  The  principal  difference 
between  the  Federal  and  the  ASTM  tests  is 
the  use  of  a  significantly  higher  water-cement 
ratio  in  the  latter.  In  addition,  a  modified 
mortar  bar  test  was  made,  using  the  same 
size  of  specimen.  This  was  prepared  from  a 
1:2  mortar  containing  ASTM  C  109  Ottawa 
sand  with  various  amounts  of  No.  8-  to  No. 
30-size  reactive  opal,  ranging  up  to  2  percent, 
and  having  a  water-cement  ratio  of  0.50.  The 
specimens  for  each  test  were  stored  in  moist 
air  at  100°  F. 

The  expansion  data  for  all  mortar  bar  tests 
are  given  in  table  13.  Both  Federal  Specifi- 
cation SS-C-208b  and  ASTM  Specification  C 
340-55  limit  the  expansion  of  mortar  bars  to 
not  more  than  0.02  percent  at  14  days,  or 
0.06  percent  at  8  weeks.  Presumably  a 
cement  which  meets  these  limits  would  not 
be  expected  to  cause  excessive  expansion  in 
concrete  containing  alkali-reactive  aggregates. 
The  portland  cements  from  sources  C  and 
E  would  be  considered  as  potentially  ex- 
pansive by  both  the  Federal  and  ASTM 
procedures,  but  the  portland  cement  from 
source  A  would  be  similarly  classified  only 
by  the  ASTM  procedure.  None  of  the  slag 
cements  would  be  considered  as  potentially 
reactive  by  either  procedure,  based  on  the 
expansions  at  8  weeks. 

The  modified  mortar  bar  test  in  which  opal 
was  used  as  the  reactive  material  is  similar  to 
tests  used  by  numerous  investigators  to  study 
the  various  factors  which  influence  the  ex- 
pansion resulting  from  the  alkali-aggregate 
reaction.  Because  of  differences  in  reactivity 
of  opal  and  other  naturally  occurring  materials 
obtained  from  different  sources,  expansion 
tests  using  natural  aggregates  have  never  been 
standardized  to  the  point  of  establishing  a 
definite  criterion  by  which  the  reactivity  of  a 
cement  can  be  judged.  Comparison  of  the 
expansions  shown  in  table  13  for  mortar  bars 
prepared  with  and  without  opal  indicate  that 
any  expansion  of  more  than  0.04  percent  can 
be  attributed  to  a  reaction  between  the  al- 
kalies of  the  cement  and  the  opal. 
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Perhaps  the  nearest  approach  to  an  appli- 
cable criterion  for  an  excessive  amount  of 
expansion  in  this  test  is  found  in  the  specifi- 
cation for  concrete  aggregates,  ASTM  C 
33-57,  in  which  an  expansion  of  more  than 
0.10  percent  at  6  months  is  used  to  define 
potentially  reactive  aggregates.  Using  this 
criterion,  it  is  found  that  there  is  a  pessimum 
amount  of  opal  which  will  cause  an  excessive 
expansion  at  6  months  with  the  portland 
cements  from  sources  A,  C,  and  E  and  the 
slag  cements  from  sources  C  and  E.  For  the 
cements  from  sources  A,  B,  D,  and  E,  the 
expansions  of  the  slag  cements  were  less  than 
those  for  the  portland  cements,  but  the  slag 


1  Shrinkage  after  2  cycles  of  drying  for  60  days  and  14  days 
immersion  in  water,  followed  by  an  additional  60  days 
drying. 


cement  from  source  C  showed  a  greater  ex- 
pansion than  the  portland  cement  from  that 
source.  It  should  be  noted  that  for  this 
source,  the  alkali  content  of  the  slag  cement 
was  nearly  double  that  of  the  portland  cement, 
thus  accounting  for  the  increase  in  expansion. 
Apparently,  the  alkalies  present  in  blast- 
furnace slag  are  available  for  reaction  with 
susceptible  aggregates. 

The  results  of  the  modified  mortar  bar  tests 
using  opal  appear  to  be  somewhat  in  conflict 
with  the  results  obtained  with  the  ASTM  and 
Federal  procedures  for  determining  reactivity. 
The  modified  tests  indicate  that  the  slag  con- 
stituent of  the  high-alkali  slag  cements  is  not 
entirely  effective  in  preventing  expansion  re- 
sulting from  the  alkali-aggregate  reaction  un- 
der the  conditions  of  this  test. 

It  was  noted  that  two  of  the  slag  cements 
had  an  equivalent  alkali  content,  as  shown  in 
table  1,  of  over  0.6  percent,  which  would  cause 
them  to  be  classified  as  high-alkali  cements. 
It  was  also  noted,  in  the  modified  method  of 
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N  DAYS 


Figure  4. — Rate  of  drying  shrinkage  of  portland  and  slag  cement  concretes. 
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1 

able  11. — Results  of  laboratory  freezing  and  thawing  tests1 

Cement 

5!  2  gallons  of  water  per  hag  of  cement 

6H  gallons  of 

water  per  bag  of  cement 

Source 

Type 

Percent  of  original  N2 after  freezing  and  thawing  for  indicated  cycles 

Dura- 
bility 
factor 

Percent  of  original  N2  after  freezing  and  thawing  for  indicated  cycles 

Dura- 
bility 
factor 

10 

cycles 

20 
cycles 

50 

cycles 

100 
cycles 

150 
cycles 

200 

cycles 

250 
cycles 

300 
cycles 

10 
cycles 

20 
cycles 

50 
cycles 

100 
cycles 

150 
cycles 

200 
cycles 

250 
cycles 

300 
cycles 

A        

T 

IS 

[ 
IS 

I 

IS 

I 

IS 

I 

IS 

94 

99 

97 
99 

99 

101 

100 
101 

102 
98 

101 

104 

1114 
105 

106 
105 

104 
104 

104 
102 

100 

102 

99 
103 

9fi 
103 

102 
103 

101 
101 

99 
106 

100 
106 

94 
102 

98 
103 

102 
105 

92 
105 

93 
106 

si 
102 

94 
104 

94 
104 

86 
102 

87 
105 

72 
99 

87 
102 

86 
100 

81 
95 

81 
99 

61 

96 

81 
98 

79 
94 

67 
86 

67 
89 

86 

70 
92 

65 
88 

67 
86 

67 
89 

51 
86 

70 
92 

65 

88 

99 
101 

100 
101 

100 

100 

101 
98 

99 
101 

100 
102 

100 
104 

101 
102 

103 

98 

100 
102 

96 
101 

96 
103 

96 
101 

96 
100 

96 
100 

92 
104 

93 
103 

91 
98 

94 
98 

93 

98 

88 
102 

86 
99 

87 
94 

92 
95 

92 
92 

75 
90 

67 

82 

72 
79 

82 
83 

74 
78 

64 
81 

61 
64 

53 
73 

64 
74 

60 
69 

75 
60 
66 
66 
63 

53 
75 

51 
60 

46 
66 

53 
66 

50 
63 

A 

B 

B 

C        

C        

D 

r> 

E        

E    . 

Average,  tyi 

Average,  tyi 

64 

88 

51 
66 

i  Specimens  were  3-  by  4-  by  16-inch  beams  frozen  and  thawed  in  accordance  with  ASTM  Method  C-292  for  slow  freezing  and  thawing  in  water.    Each  value  is  an  average  of  tests  on 
5  beams. 


test  when  1  percent  of  opal  was  used,  that 
mortar  prepared  with  the  slag  cement  with 
the  greatest  amount  of  alkali  did  not  develop 
the  most  expansion  at  an  age  of  1  year.  Ap- 
parently, some  component  of  the  cement  had 
a  modifying  influence  on  the  amount  of  ex- 
pansion. It  was  believed  that  this  might  have 
been  the  amount  of  slag  in  the  slag  cement. 
It  was  learned  from  the  manufacturers  that  the 
slag  cements  from  sources  A  and  B  contained 
45  percent  slag,  that  from  source  C  had  25  per- 
cent, that  from  source  D  had  40  percent,  and 
that  from  source  E  had  35  percent. 

In  order  to  take  this  into  account,  figure  6 
was  prepared.  This  shows  the  relation  be- 
tween the  amount  of  expansion  of  mortar 
containing  1-percent  opal  and  tested  at  an 
age  of  1  year,  and  a  value  obtained  by  divid- 
ing the  slag  content  of  each  cement  by  the 
equivalent  alkali  content  expressed  as  sodium 
oxide.  The  curve  in  the  figure  shows  that  the 
expansion  decreases  as  the  ratio  of  the  slag 
content  of  the  cement  increases.  It  also  shows 
that  for  equivalent  alkali  content  of  0.6  per- 
cent, for  example,  it  would  be  highly  desirable 
to  have  the  slag  content  of  a  slag  cement  ap- 
preciably higher  than  30  percent,  to  prevent 
the  alkali-aggregate  reaction. 
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Figure  5. — Durability  factors  derived  from  freezing  and  thawing  tests  for  portion d  and 

slag  cement  concretes. 
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Table  12. — Resistance  of  concrete  to  scaling  ' 


Cement 

Rating  2  after  freezing  and  thawing  with  calcium  chloride  for  indicated  cycles 

Source 

Type 

514  gallons  per  bag  of  cement 

6J-£  gallons  per  bag  of  cement 

733  gallons  per  bag  of  cement 

20  cycles 

35  cycles 

55  cycles 

20  cycles 

35  cycles 

55  cycles 

20  cycles 

35  cycles 

55  cycles 

A._ 

I 
IS 

I 
IS 

I 

IS 

I 

IS 

I 

IS 

0 
0 

1 
1 

2 
2 

1 
4 

2 
4 

0 
1 

2 
2 

3 

6 

2 
6 

5 
6 

1 
1 

2 

2 

8 

7 

4 

7 

8 

7 

4 
4 

4 
4 

4 

6 

8 

7 

2 
6 

7 
7 

7 
9 

6 

9 

9 
9 

8 
9 

9 
9 

9 
9 

6 
9 

10 
10 

9 
9 

7 
4 

6 

6 

8 
6 

9 
8 

8 
9 

8 
9 

8 
9 

9 
9 

9 
9 

9 
9 

10 

9 

9 
10 

10 
10 

10 
10 

10 
10 

A 

B 

B 

C 

C 

D... 

D... 

E._ 

E 

1  Specimens  were  16-  by  20-  by  4-inch  slabs,  stored  in  moist  air  28  days  prior  to  placing  in  exposure  area.    Each  value 
is  an  average  of  2  tests.    Air  content  approximately  5H  percent. 

2  Rating  of  0  indicates  no  scaling  and  10  indicates  deep  scaling  over  entire  surface. 


Table  13. — Mortar  bar  expajision  test  results  ' 


Cement 

Expansion  of  1-  by  1-  by  10-inch  mortar  bars,  expressed  in  percent 

SilllMV 

Type 

Slag  2 

Alka- 
li 3 

ASTM  Method  C 
227-52  T 

Federal  SS-C 

-208  B 

Modified  test: 
0  percent  opal 

Modified  test: 
0.5  percent  opal 

Modified  test: 
1.0  percent  opal 

Modified  test: 
2.0  percent  opal 

8  wk. 

6  mo. 

lyr. 

8  wk. 

6  mo. 

1  yr. 

8  wk. 

6  mo. 

1  yr. 

8wk. 

6  mo. 

iyr. 

s  wk. 

6  mo. 

1  yr. 

8  wk. 

6  mo. 

iyr. 

A 
A 

I 

IS 

45 

0.32 
.37 

0.12 

.00 

0.19 
.00 

0.20 
.00 

0.02 
.00 

0.05 
.00 

0.03 
.01 

0.02 
.01 

0.02 
.01 

0.02 
.02 

0.  12 
.02 

0.28 
.03 

0.35 
.03 

0.17 
.03 

0.33 
.08 

0.56 
.12 

0.07 
.04 

0.10 
.04 

0.13 
.07 

B 
B 

I 
IS 

45 

.19 
.22 

.02 
.00 

.14 
.00 

.16 
.01 

.03 

.00 

.07 
.00 

.10 
.00 

.03 
.02 

.03 
.02 

.04 
.02 

.02 
.02 

.06 
.03 

.12 
.03 

.03 
.01 

.06 
.02 

.06 
.03 

.02 
.02 

.03 

.02 

.04 
.03 

C 
C 

I 
IS 

25 

.32 

.til 

.14 
.02 

.23 

.07 

.24 
.11 

.10 
.00 

.10 
.01 

.14 
.02 

.01 

.00 

.02 
.01 

.02 
.  02 

.05 
.18 

.11 

.27 

.18 
.27 

.07 
.24 

.16 
.40 

.35 
.45 

.04 
.16 

.08 
.24 

.10 
.32 

D 
D 

I 

IS 

40 

.21 
.22 

.00 
.00 

.05 
.00 

.10 
.00 

.01 
.00 

.02 
.00 

.03 

.00 

.01 
.02 

.01 
.01 

.02 
.01 

.01 
.02 

.02 
.01 

.07 
.02 

.00 
.02 

.01 
.01 

.02 
.01 

.01 
.01 

.01 
.01 

.02 
.01 

E 
E 

I 
IS 

35 

.82 

.75 

.2(1 
.05 

.26 
.06 

.22 

.07 

.16 
.04 

.13 
.04 

.16 
.04 

.<D2 
.01 

.02 
.01 

.02 
.02 

.  12 
.08 

.14 
.11 

.14 
.11 

.26 
.14 

.29 

.26 

.30 
.28 

.38 
.10 

.55 
.20 

.57 
.26 

1  Tests  were  made  at  8  weeks,  6  months,  and  1  year.    Each  value  is  average  of  tests  on  4  or  6  beams. 
■  Percent  of  slag  used  in  manufacturing  type  IS  cement. 
3  Equivalent  alkalies^as  Na20  (see  table  1). 
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bars  containing  1  percent  of  alkali -reactive  opal  (ratios  expressed  as  percentages). 
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Manual  on  Uniform   Traffic   Control 
Devices 

The  Bureau  of  Public  Roads  has  just,  pub- 
lished the  newly  revised  Manual  on  Uni- 
form Traffic  Control  Devices  for  Streets  and 
Highways.  The  new  .standards,  updated 
from  1948,  were  drafted  by  the  National 
Joint  Committee  on  Uniform  Traffic  Control 
Devices,  and  approved  by  the  Committee's 
member  organizations,  the  American  Associa- 
tion of  State  Highway  Officials,  the  Institute  of 
Traffic  Engineers,  the  National  Committee  on 
Uniform  Traffic  Laws  and  Ordinances,  the 
American  Municipal  Association,  and  the 
National  Association  of  County  ( (fficials. 
The  latter  two  organizations  joined  the  Na- 
tional Joint  Committee  during  the  past  year 
and  are  expected  to  impart  added  impetus  to 
the  modernization  of  traffic  control  devices 
throughout  the  nation. 

The  Bureau  of  Public  Roads  actively  as- 
sisted the  National  Joint  Committee  in  its 
work,  and  has  a  responsible  interest  in  seeing 
that  the  results  are  broadly  applied.  By 
existing  Federal  highway  legislation  the  signs, 
signals,  and  markings  installed  on  highways 
constructed  with  Federal-aid  funds  are  sub- 
ject to  approval  by  the  State  highway  depart- 
ment with  concurrence  of  the  Federal  Highway 
Administrator,  who  is  directed  to  concur  only 
in  installations  that  promote  safe,  efficient 
highway  use. 

This  new  edition  is  expected  to  lend  valu- 
able service  towards  the  safe  and  efficient  use 
of   the    new    highways    being    constructed    in 


New  Publications 


the  Federal-aid  program,  as  well  as  of  the 
older  streets  and  highways. 

First  published  in  1935,  and  periodically 
reviewed  and  revised,  the  Manual  reflects 
widely  accepted  and  time-tested  traffic  con- 
trol practices  in  the  design  and  application  of 
control  devices,  as  well  as  extensive  research 
into  the  principles  of  safe  and  orderly  move- 
ment of  vehicles  and  pedestrians.  The 
newest  edition  includes,  for  the  first  time, 
specific  standards  for  expressway  signing,  a 
major  section  on  signing  and  marking  for  con- 
struction and  maintenance  operations,  and  a 
brief  treatment  of  civil  defense  signing. 

A  significant  feature  of  the  new  Manual  is 
its  elimination  of  certain  alternatives  in 
traffic  control  devices  that  previously  were 
permitted,  and  the  substitutions  of  a  single 
standard.  A  notable  example  of  this  is  the 
stripe  to  mark  no-passing  zones.  In  the 
future,  according  to  the  Manual,  all  such 
zones  are  to  be  marked  with  a  yellow  line  to  the 
right  of  the  center  stripe. 

Another  innovation  is  that,  in  general,  the 
sizes  of  the  newly  specified  traffic  signs  will  be 
larger  than  those  now  in  use,  to  provide 
greater  visibility,  particularly  on  multilane 
highways  where  driving  is  at  higher  speeds. 
Freeways  and  expressways  in  particular  are  to 
have  larger  and  higher  signs,  and  in  specified 
places  they  will  be  placed  overhead. 

The  Manual  on  Uniform  Traffic  Control 
Devices  for  Streets  and  Highways  may  be  pur- 
chased from  the  Superintendent  of  Docu- 
ments, U.S.  Government  Printing  Office, 
Washington  25,  D.C.,  at  $2  per  copy. 


Peak    Rates   of   Runoff   From    Sma 
W  atersheds 

Peak  Rates  of  Runoff  From  Small  Wate 
sheds,  published  in  April  1961,  is  No.  2  of  tl 
Bureau  of  Public  Roads  hydraulic  desig 
series.  It  reports  a  research  study  of  pes 
rates  of  runoff  from  small  watersheds,  an 
presents  a  procedure  for  the  practical  applj 
cation  of  the  results  of  that  study.  The  stuc 
was  limited  to  watersheds  with  areas  of  S 
square  miles  or  less,  located  east  of  the  1051 
meridian. 

In  parts  I  and  II  of  the  publication,  stati 
tical  analyses  of  data  from  samples  of  gage 
and  ungaged  watersheds  demonstrate  thi 
there  is  a  correlation  between  a  topograph 
index,  a  precipitation  index,  and  the  wate 
shed  area;  and  a  correction  coefficient 
developed  for  use  when  the  topographic  ind( 
indicates  differences  in  drainage  characteri 
tics  of  the  watersheds. 

Parts  III  and  IV  present  a  practical  pn 
cedure  for  application  of  the  research  result 
and  include  a  discussion  of  some  of  the  coi 
siderations  that  must  be  taken  into  accoui 
in  its  use.  The  process,  described  step  t 
step,  involves  the  use  of  lithological  and  rau 
fall  index  maps  and  a  series  of  correlatic 
nomographs. 

Peak  Rales  of  Runoff  From  Small  WoM 
sheds  is  available  from  the  Superintendent  < 
Documents,  U.S.  Government  Printing  Offic; 
Washington  25,  D.C.,  at  30  cents  per  copy. 

J( 


194 


August  1961  •  PUBLIC  ROAI 

US.  GOVERNMENT  PRINTING   OFFICE:  1961 


A  list  of  the  more  important  articles  in  Public  Roads  and  title 
sheets  for  volumes  24-30  arc  available  upon  request  addressed  to 
Bureau  of  Public  Roads,  Washington  25,  D.C. 

The  following  publications  are  sold  by  the  Superintendent  of 
Documents,  Government  Printing  Office,  Washington  25,  D.C. 
Orders  should  be  sent  direct  to  the  Superintendent  of  Documents. 
Prepayment  is  required. 


ANNUAL  REPORTS 

Annual  Reports  of  the  Bureau  of  Public  Roads: 

1951,  35  cents.  1952,  25  cents.  1955,  25  cents.  1958,  30  cents. 
959,  40  cents.  1960,  35  cents.  (Other  years  are  now  out  of 
print.) 


tEPORTS  TO  CONGRESS 

actual    Discussion    of    Motortruck    Operation,    Regulation    and 
Taxation  (1951).     30  cents. 


'eoleral  Role  in  Highway  Safety,  House  Document  No.  93  (1959). 
60  cents. 


[ighway  Cost  Allocation  Study: 

First  Progress  Report,  House  Document  No.  106  (1957). 
35  cents. 

Final  Report,  Parts  I-V,  House  Document  No  54  (1961). 
70  cents. 

Final  Report,  Part  VI:  Economic  and  Social  Effects  of  High- 
way Improvement,  House  Document  No.  72  (1961). 
25  cents. 


he    1961    Interstate   System    Cost   Estimate,    House    Document 
No.  49  (1961).     20  cents. 


PUBLICATIONS 
of  the  Bureau  of  Public  Boads 


PUBLICATIONS 

Catalog  of  Highway  Bridge  Plans  |  1959).      $1.00. 

Classification  of  Motor  Vehicles,  1956-57.     75  cents. 

Design  Capacity  Charts  I'm-  Signalized  Streel  and  Highway  Inter- 
sections (reprint  from  Public  Roads,  Feb.  1951).     25  cents. 

Federal  Laws,  Regulations,  and  Other  Material  Relating  to 
Highways  (1960).     $1.00. 

Financing  of  Highways  by  Counties  and  Local  Rural  Govern- 
ments:   1942-51.      7.">  cents. 

Highway  Bond  Calculations  (1936).       10  cents. 

Highway  Capacity   Manual  (1950).      $1.00. 

Highway  Statistics  (published  annually  since  1945): 

1955,   $1.00.      1956,   $1.00.      1957,   $1.25.      1958,   $1.00.      1959, 
$1.00. 

Highway  Statistics,  Summary  to  1955.     $1.00. 

Highway  Transportation  Criteria  in  Zoning  Law  (1960).     35  cents. 

Highways  of  History  (19*)).      25  cents. 

Hydraulics  of  Bridge  Waterways  (1960).      40  cents. 

Manual  on  Uniform  Traffic  Control  Devices  for  Streets  and  High- 
ways i  L961).     $2.00. 

Parking  Guide  for  Cities  (1956).      55  cents. 

Peak  Rates  of  Runoff  From  Small  Watersheds  (1961).      30  cents. 

Road-User  and  Property  Taxes  on  Selected  Motor  Vehicles,  1960. 
30  cents. 

Results  of  Physical  Tests  of  Road-Building  Aggregate  (1953). 
si. 00. 

Selected  Bibliography  on  Highway  Finance  (1951).     60  cents. 

Specifications  for  Aerial  Surveys  and  Mapping  by  Photograni- 
metric  Methods  for  Highways,  1958:  a  reference  guide  outline. 
75  cents. 

Standard  Specifications  for  Construction  of  Roads  and  Bridges 
on  Federal  Highway  Projects,  FP-61  (1961).     $2.25. 

Standard  Plans  for  Highway  Bridge  Superstructures  (1956). 
$1.75. 

The  Identification  of  Rock  Types  (revised  edition,  1960).  20 
cents. 

The  Role  of  Aerial  Surveys  in  Highway  Engineering  (1960).  40 
cents. 

Transition  Curves  for  Highways  (1940).     $1.75. 


United  States 
Government  Printing  Office 

DIVISION    OF     PUBLIC    DOCUMENTS 

Washington   25,   D.C. 


OFFICIAL   BUSINESS 


If  you  do  not  desire  to  continue  to  receive 
this  publication,  please  check  here  Q]; 
l  ear  off  this  label  and  return  it  to  the  above 
address.  Your  name  will  then  be  removed 
promptly  from  tlie  appropriate  mailing  list. 


PENALTY    FOR    PRIVATE     USE    TO    AVOID 
PAYMENT    OF    POSTAGE.  S300 

IGPOI 


, 


VOL.  31,  NO.  10 


OCTOBER  1961 


Public  Roads 

A         JOURNAL       OF       HIGHWAY       RESEARCH 


PUBLISHED 

BIMONTHLY 

BY    THE    BUREAU 

OF   PUBLI  C   ROADS, 

U.S.   DEPARTMENT 

OF  COMMERCE, 

WASHINGTON 


A  median  divider  and  grade-separated  interchange  greatly  facilitate  traffic  on  U.S.  50 
at  Seven  Corners,  Alexandria,  Va.  (before  and  after  photographs) 


Public  Roads  I 


A     JOURNAL     OF     HIGHWAY     RESEARCH 

Published  Bimonthly 

Vol.  31.   No.  10  October  196i 

E.  A.  Stromberg,  Actios  Editor 


B  U   P,   E  A  U     OF     PUBLI  C     R  0  A  D  a 


Washington  25,  D.C 


IN  THIS  ISSUE 


A  New  Base  for  the  Highway  Construction 
Bid  Price  Index  Compiled  by  the  Bureau  of 
Public  Roads,  by  E.  L.  Stern 195 

Dynamic     Weighing     of    Vehicles,     by     ,/.    A. 

Dearinger 200 

Concrete  Containing  Fly  Ash  as  a  Replacement 
for  Portland  Blast-Furnac?  Slag  Cement,  by 
U  '.  E.  Crieb  and  D.  0.  Wool  J 205 

New  Publications  198 


U.S.  DIFACTMENT  OF  COMMERCE 

LUTHER  H.  HODGES,  Secretary 

BUREAU  OF  PUBLIC  ROADS 

REX  IM.  WHITTON,  Administrator 


REGIONAL  OFFICES 

No.  1.     i  Normanskill  Blvd.,  Delmar,  N.Y. 

Con  in  thrill,    Maine,    Massachusetts,    New   Hamj>\ 

shin.    New   Jersey,    New    York,    Rhode    Island 

Vermont,  and  Puerto  Rico. 

No.  2.     74  West  Washington  Street,  Hagerstown,  Md 

Delaware,    District   of  Columbia.    Maryland,    Ohio; 

Pennsylvania,   Virginia,  and  West  Virginia. 

No.  3.     50  Seventh  St.  N.E.,  Atlanta  23,  Ga. 

Alabama,     Florida,     Georgia,     Mississippi,     North 
Carolina,  South  Carolina,  and  Tennessee. 
No.  4.     South  Chicago  Post  Office,  Chicago  17,  111. 
Illinois,   Indiana,    Kentucky,    Michigan,   and    Wis- 
consin. 

No.  5.     4900  Oak  St.,  Kansas  City  12,  Mo. 

Iowa,     Kansas,     Minnesota,     Missouri,    Nebraska, 

North  Dakota,  and  South  Dakota. 

No.    6.     Post   Office   Box    12037,    Ridglea   Station, 

Fort  Worth  16,  Tex. 

Arkansas,  Louisiana,  Oklahoma,  and  Texas. 

No.  7.     New   Mint  Bldg.,  San  Francisco  2,   Calif. 

Arizona,  California,  Hawaii,  and  Nevada. 
No.  8.     740  Morgan  Bldg.,  Portland  5,  Oreg. 

Idaho,  Montana,  Oregon,  and  Washington. 
No.  9.     Denver  Federal  Center,  Bldg.  40,  Denver  2, 
Colo. 
Colorado,  New  Mexico,  Utah,  and  Wyoming. 
No.    10.     Post    Office    Box    1961,    Juneau,    Aks'..a 

Alaska. 
No.  15.      450  W.  Broad  St.,  Falls  Church,  Va. 

Eastern  National  Forests  and  Parks. 
No.   19.     Steinvorth  Bldg.,  First  Ave.  and  Calle  2, 
San  Jose,  Costa  Rica. 
I ntrr-Aiiierican  Highway:  Costa  Rica,  El  Salvador 
GuaU  mala,  Honduras,  Nicaragua,  and  Panama 


i 


Public  Roads  is  sold  by  the  Superintendent  of  Documents,  Govern- 
ment Printing  Office.  Washington  25,  D.C, at  $1  per  year  (50  cents 
idditional  for  foreign  mailing)  or  20  cents  per  single  copy.  Subscrip- 
tions are  available  for  1-,  2-,  or  3-year  periods.  Free  distribution  is 
limited  to  public  officials  actually  engaged  in  planning  or  constructing 
highways,  and  to  instructors  of  highway  engineering.  There  are  no 
\  ic  incies  in  the  free  list  at  present. 

l Fse  iif  funds  for  printing  this  publication  has  been  approved  by  the 
I  '  ii  ei  tor  of  the  Bureau  of  the  Budget,  March  6,  1961. 


Contents  of  this  publication  may  be  re- 
printed.   Mention  of  source  is  requested. 


A  New  Base  for 
The  Highway  Construction  Bid  Price  Index 
Compiled  by  the  Bureau  of  Public  Roads 


BY  THE  CONSTRUCTION  AND  MAINTENANCE  DIVISION 
BUREAU  OF  PUBLIC  ROADS 


Reported  by  EDWIN  L.  STERN,  Head, 
Construction  Costs  and  Price  Trends  Section 


For  almost  30  years  the  Bureau  of  Public  Roads  highway  construction  bid 
price  index  has  been  a  ividely  accepted  and  frequently  used  measure  of  trends 
in  the  cost  of  highway  construction.  The  index,  computed  from  information 
on  some  30  major  bid  items  taken  from  awards  of  contracts  for  Federal-aid 
projects,  has  been  published  quarterly  since  1933.  Based  on  the  1925-29  period, 
it  had  been  extended  back  as  far  as  1922. 

Many  changes  have  occurred  in  the  nature  of  highway  construction  since  the 
pattern  for  computing  the  index  was  first  developed:  quantities  per  mile  differ 
radically;  geographic  distribution  of  work  included  in  the  base  period  was  much 
different  than  it  is  now;  and  bituminous  pavement  tvas  not  directly  included  in 
the  index. 

In  order  to  overcome  such  deficiencies,  a  new  construction  bid  price  index 
has  now  been  devised,  using  1957-59  as  a  base.  Surfacing  will  now  be  repre- 
sented by  both  portland  cement  concrete  and  bituminous  concrete  as  indicators, 
and  nationwide  total  quantities  will  be  used  in  lieu  of  per -mile  quantities  for 
the  base  period. 

The  new  index  will  be  used  exclusively  beginning  with  the  report  for  the  first 
quarter  of  1962  and,  to  provide  transition  in  use,  both  the  new  and  old  indexes 
will  be  included  in  the  reports  for  the  third  and  fourth  quarters  of  1961.  The 
design  of  the  new  index  is  explained  in  this  article,  and  the  historical  trends 
from  1922  are  shown  on  the  new  1957-59  base. 


Introduction 

IN  HIGHWAY  CONSTRUCTION,  as  in 
many  other  undertakings,  the  need  for 
future  planning  is  readily  apparent;  and  plan- 
ning for  the  future  can  best  be  accomplished  if 
highway  engineers  and  economists  have  a 
thorough  knowledge  of  what  has  taken  place 
in  the  past.  In  order  that  physical  volumes 
of  work  required  for  needed  highway  improve- 
ments may  be  expressed  in  terms  of  dollars 
required  to  purchase  that  work,  high-level 
planning  for  future  highway  construction  re- 
quires a  knowledge  of  the  amount  of  highway 
improvement  that  can  be  purchased  by  any 
given  appropriation,  at  current  prices.  This, 
in  turn,  requires  a  knowledge  of  the  changes 
and  trends  in  average  bid  prices  of  highway 
construction  items  over  past  years. 
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To  provide  definite  information  as  to  price 
movements  and  trends  in  highway  construc- 
tion, the  Bureau  of  Public  Roads  computes 
and  publishes  a  continuing  record  of  quarterly 
variations  in  contract  bid  prices  on  Federal-aid 
highway  construction.  This  price  trend  rec- 
ord extends  back  to  1922,  when  highway 
construction  in  the  United  States  had  reached 
sufficient  nationwide  volume  and  had  become 
sufficiently  standardized  to  provide  a  fairly 
reliable  basis  for  the  comparison  of  unit 
construction  costs  and  progressive  price 
movements. 

The  basic  data  for  the  index,  compiled  in  the 
Bureau  of  Public  Roads  field  offices,  are  ob- 
tained from  the  awards  of  contracts  for 
Federal-aid  highway  projects  by  the  State 
highway  departments,  and  consist  of  quanti- 
ties,    contract    unit    prices,    and    costs    for 


approximately  30  major  bid  items.  These 
data  are  reported  to  the  Public  Roads  Wash- 
ington Office  for  analysis,  compilation,  and 
summarization  on  a  nationwide  basis.  The 
resultant  index  has  been  published  quarterly 
since  1933  as  Price  Trends  for  Federal-aid 
Highway  Construction  (often  referred  to  as  the 
"composite  mile  index"),  and  has  been  widely 
recognized  in  the  highway  construction  field 
as  a  standard  measure  of  changes  and  indicator 
of  trends  in  highway  construction  bid  prices. 

Basis  of  192529  Index 

The  details  of  the  design  of  the  present 
price  index  are  described  in  an  article,  An 
Index  of  the  Cost  of  Highway  Construction, 
publLshed  in  July  1933  in  Public  Roads 
(vol.  14,  No.  5).  Briefly  stated,  this  fixed-base 
type  index  was  designed  to  show  what  it  would 
cost,  at  any  given  time,  to  contract  for  the 
Federal-aid  construction  put  in  place  during 
the  1925-29  base  period.  Strictly  speaking,  a 
composite  highway  price  index  should  be  a 
weighted  composite  of  over  100  items,  but  the 
computation  of  such  an  index  would  involve 
an  extremely  large  amount  of  work.  For- 
tunately, the  nature  of  highway  construction 
is  such  that  changes  in  prices  of  certain  prin- 
cipal work  items  are  generally  accompanied 
by  similar  changes  in  prices  of  associated 
items  or  classes  of  work. 

For  example,  in  preparing  the  index  on  the 
1925-29  base,  it  was  assumed,  with  reason, 
that  if  the  unit  price  of  common  excavation 
increased  5  percent  during  a  quarterly  period, 
the  prices  of  all  other  types  of  excavation  also 
increased  approximately  5  percent  during  the 
same  period.  Likewise,  it  was  assumed  that 
percentage  changes  in  prices  of  all  high-type 
surfacing  would  be  similar  to  percentage 
changes  in  portland  cement  concrete  pavement 
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prices.  For  this  reason,  common  excavation 
and  concrete  pavement  were  used  as  indicator 
items  for  grading  and  surfacing,  respectively. 
For  structures,  three  indicator  items  were 
used — reinforcing  steel,  structural  steel,  and 
structural  concrete. 

The  relative  weights  for  the  index  items 
were  determined  from  expenditures  for  the 
various  construction  items  during  the  base 
period  by  grouping  together  those  items  repre- 
sented by  each  indicator  item.  For  example, 
all  expenditures  for  excavation  and  low-type 
bases  were  combined,  and  the  equivalent 
quantity  of  common  excavation  that  could  be 
contracted  for  by  this  expenditure  was  derived 
by  dividing  the  combined  expenditure  by  the 
base-period  weighted  average  price  per  cubic 
yard  of  common  excavation.  This  latter 
figure,  the  weighted  average  price  for  common 
excavation,  was  computed  by  dividing  the 
total  contract  quantity  of  common  excavation 
in  all  of  the  States  for  the  years  1925-29  into 
the  total  contract  dollar  amount  for  this 
excavation. 

Similarly,  the  equivalent  area  of  portland 
cement  concrete  paving  was  derived  by  divid- 
ing the  sum  of  all  money  spent  for  high-type 
surfacing  by  the  base-period  weighted  average 
price  per  square  yard  for  concrete  paving.  No 
such  conversion  was  necessary  for  structures, 
since  the  costs  for  the  three  index  items — 
reinforcing  steel,  structural  steel,  and  struc- 
tural concrete — constituted  the  bulk  of  struc- 
ture costs. 

The  five  base-period  quantities — for  exca- 
vation, paving,  reinforcing  steel,  structural 
steel,  and  structural  concrete — thus  obtained 
were  each  reduced  to  a  relative  quantity-per- 
mile  basis  by  dividing  each  by  the  total  mileage 
of  construction  during  the  base  period.  (This 
total  mileage  represented  construction  of 
various  kinds,  of  course.)  The  composite 
index  of  highway  construction  cost  for  any 
subsequent  period  could  then  be  computed  by 
(1)  multiplying  these  base-period  per-mile 
quantities  for  the  five  items  by  the  applicable 
current  average  unit  price  for  each  item,  (2) 
dividing  the  sum  of  these  products  by  the  sum 
of  the  products  of  the  base-period  per-mile 
quantities  and  the  base-period  average  unit 
prices,  and  (3)  multiplying  the  quotient  by 
100. 

This  highway  construction  bid  price  index 
is  known  as  a  fixed-base  index.  It  provides  a 
means  for  determining  what  it  would  cost  to 
contract  for  the  base-period  quantities  at  the 
current  prices  of  any  particular  period.  In 
other  words,  the  cost  of  the  base-period  quan- 
tities at  prices  of  a  particular  period  are  com- 
pared with  the  cost  of  the  base-period  quanti- 
ties at  the  base-period  prices. 

The  reliability  of  the  trends  in  the  fixed- 
base  index  has  been  checked  periodically  by 
the  computation  of  a  changing-base  index,  in 
which  the  quantities  for  the  particular  period 
arc  used  instead  of  the  quantities  for  the  1925- 
29  base  period.  In  addition,  as  a  further 
check,  the  changing-base  index  computations 
employ  the  quantities  for  all  major  highway 
construction  bid  items,  in  lieu  of  the  quanti- 
ties for  only  the  five  indicator  items.  This 
changing-base    index    provides    a    means    for 
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Table  1. — Variation  of  percentage  values 
of  price  index  indicator  items  with  use  of 
1925-29  and  1957-59  base  data 


determining  how  much  more  or  less  it  would" 
cost  to  contract  for  particular-period  quanti- 
ties at  particular-period  prices  than  it  would 
cost  to  contract  for  the  same  quantities  at 
base-period  prices.  It  has  been  found  that, 
over  a  period  of  years,  the  trends  developed 
by  the  fixed-base  method  produce  considera- 
bly smoother  curves  than  the  changing-base 
method.  This  better  stability  of  the  fixed- 
base  index  indicates  its  greater  reliability  for 
use  in  the  prediction  of  future  price  trends. 

Deficiencies  in  the  1925-29  Index 

Many  changes  have  occurred  in  the  nature 
of  highway  construction  during  the  three 
decades  since  the  fixed-base  index  was  first 
developed.  As  a  consequence,  certain  defi- 
ciencies have  become  apparent  in  recent  years, 
as  described  in  the  following  paragraphs. 


INDEX  INDEX 

1950    1951      1952     1953    1954    1955    1956    1957    1958    1959    I960    1961 
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Item 

1925-29 
quan- 
tities 
at 

1925-29 
prices 

1925-29 
quan- 
tities 
at 

1957-59 
prices 

1957-59 
quan- 
tities 
at 

1957-59 
prices 

Percent 
36 

48 
0 

48 

5 
2 
9 

16 

100 

Percent 
24 

54 
0 

:a 

3 
12 

22 

100 

Percent 
34 

15 
16 

31 
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11 
18 

35 
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Surfacing: 
Portland     cement     con- 

Bituminous  concrete 

Subtotal,  surfaces 

Structures: 
Reinforcing  steel 

Structural  concrete. 

Subtotal,  structures 

Total.. ._ 

1950    1951      1952    1953    1954    1955     1956    1957    1958    1959    I960    1961 
Figure  1. — Comparison  of  trends  of  the  original  and  netv  bid  price  indexes,  1950  to  date 
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Quantities. — The  1925-29  base  period  is  quite 
remote  and  the  base-period  per-mile  quanti- 
ties are  no  longer  representative  of  present 
Federal-aid  highway  work.  While  it  is  true 
that  the  magnitudes  of  the  base  quantities  do 
not  affect  the  computed  index  values  so  long 
as  their  magnitudes  relative  to  each  other  do 
not  change,  there  has  been  a  considerable 
change  in  the  relative  weights  of  grading,  sur- 
facing, and  structures  from  those  of  the  base 
period.  Table  1  shows  a  comparison  of  the 
percentage  values  for  the  indicator  items 
as  computed  for  the  1925-29  quantities  at 
1925-29  prices  and  at  1957-59  prices  and  for 
1957-59  quantities  at  1957-59  prices.  Al- 
though the  actual  quantity  of  surfacing  put  in 
place  during  the  1957-59  period  was  much 
greater  than  that  put  in  place  during  the  1925- 
29  period,  percentagewise  surfacing  decreased 
considerably  in  relation  to  grading  and  struc- 
tures. This  results  principally  because  of  the 
higher  level  of  geometric  standards  adopted 


for  highway  construction  during  the  past  two 
decades,  requiring  proportionally  more  earth- 
work and  structures. 

Geographic  distribution. — The  geographic 
distribution  of  the  work  during  the  base  period 
1925-29  was  quite  different  from  1957-59  or 
present-day  periods.  This  has  an  appreciable 
effect,  since  quantities  and  bid  prices  vary 
considerably  across  the  country. 

Bituminous  pavements. — The  continued  cal- 
culation of  the  composite  mile  index  without 
direct  consideration  of  the  costs  of  bituminous 
pavements  created  some  doubt  as  to  its  ac- 
curacy, especially  in  view  of  the  heavy  relative 
weight  of  surfacing  in  the  composite  index. 
As  previously  stated,  the  basic  assumption  in 
the  original  design  of  the  index  was  that  prices 
for  portland  cement  concrete  pavement  would 
accurately  reflect  the  price  movements  for 
all  types  of  pavements.  This  was  probably 
valid  at  the  time.  It  has  been  determined 
that  there  is  some  similarity  in  the  price  trends 


of  portland  cement  concrete  pavement  and 
bituminous  concrete  pavement  (the  bitu- 
minous type  chosen  as  an  indicator  for  the 
redesigned  index).  However,  a  difference  of 
several  percent  in  the  index  results  when  the 
actual  average  prices  for  each  type  are 
separately  derived. 

Index  Redesigned 

In  order  to  overcome  these  deficiencies,  the 
original  fixed-base  index  has  now  been  re- 
designed. The  new  index  will  employ  the 
3-year  period  1957-59  as  a  base,  in  accordance 
with  the  general  endeavor  of  the  Federal 
Government,  under  the  leadership  of  the 
Bureau  of  the  Budget,  to  establish  all  indexes 
published  by  Federal  agencies  on  the  uniform 
1957-59  base  period,  beginning  January  1, 
1902.  The  method  of  computation  for  the 
new  1957-59  base  index  is  similar  to  that  used 
for  the  1925-29  base  index  except  that_sur- 
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facing  will  be  represented  by  two  indicator 

items,  portland  cement  concrete  and  bitu- 
minous concrete.  In  addition,  nationwide 
total  quantities  will  be  used  in  lieu  of  per-mile 
quantities  for  the  base  period.  The  method 
for  computing  the  1957-59  total  base  quan- 
tities of  the  five  original  items  is  the  same  as 
described  for  the  1925-29  total  base  quantities. 
The  1957-59  bituminous  concrete  surfacing 
base  quantity,  in  tons,  was  computed  by 
dividing  the  1957-59  United  States  average 
unit  price  per  ton  for  bituminous  concrete 
surfacing  into  the  total  1957-59  contract  cost 
for  all  types  of  bituminous  surfacing. 

Figure  1  shows  comparisons,  from  1950  to 
date,  of  the  trends  of  the  original  index,  based 
on  1925-29  quantities  but  converted  mathe- 
matically to  a  1957-59  base  =  100,  and  the 
trends  of  the  new  index  based  on  1957-59 
quantities.  (The  trend  of  bituminous  sur- 
facing prices  is  shown  only  for  1957-59  quan- 
tities, since  this  element  was  not  included  in 
the  1925-29  base  index.)  The  variations  are 
significant  in  some  periods. 

Table  2  shows  the  1957-59  base  quantities, 
average  unit  prices,  total  dollar  amounts,  and 
relative  weights  of  the  index  items.  As 
already  shown  in  table  1,  the  relative  weights 
in  the  new  index  vary  considerably  from  those 
in  the  old  index. 

In  developing  the  1957-59  based  index  for 
any  given  period,  the  index  for  each  item  is 
computed  by  dividing  the  base-period  unit 
price  into  the  United  States  average  unit 
price  for  the  particular  period,  and  multiplying 
the  quotient  by  100.  The  composite  sur- 
facing   index    is    computed    by    multiplying 


Table  2. — Basic  values  and  relative  weights  of  the  1957-59  hase  index 


Landslide  Investigations 

The  Bureau  of  Public  Roads  has  recently 
published  Landslide  Investigations,  a  field 
handbook  on  landslides  and  related  phenom- 
ena. Prepared  primarily  for  the  highway 
location  engineer,  the  publication  should 
also  be  of  interest  to  other  engineers,  geol- 
ogists, teachers,  and  students. 

The  convenient  pocket-size,  67-page  hand- 
book is  divided  into  four  parts.  The  brief 
introductory  section  describes  geologic  proc- 
esses, rocks  and  soil  types,  and  geologic 
structures  which  provide  the  setting  for 
landslides.  The  second  section  involves  the 
recognition  of  phenomena  presaging  the 
advent  of  slide  movements,  and  those  char- 
acteristic of  the  landslide  itself.  The  third 
is  devoted  to  methods  of  landslide  prevention, 
control,  and  correction.  The  fourth  section 
discusses  details  of  mapping  and  reporting 
landslides.  A  glossary  of  terms  is  also 
included. 

The  31  illustrations,  with  self-explanatory 
captions,  portray  both  conventional  tech- 
niques  and   some   unique   methods   for   over- 
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Item 

Unit 

Base 

quantity 

Base  unit 
price 

Base  dol- 
lar amount 

Relative 
weight 

cu.  yd 

Thousands 
3, 641, 885 

$0.42 

Thousands 
$1, 529,  592 

Percent 
33.8 

Surfacing: 

sq.  yd. 

154, 953 
111,516 

4.38 
6.66 

678,  221 
742, 472 

15.0 
16.4 

ton 

Subtotal,  surfaces -        --  - 

1,420,693 

31.4 

Structures: 

lb.. 

2,  206, 879 

2,  581,  462 

14,  583 

.129 

.195 

54.18 

285, 139 
.502,  294 
790, 027 

6.3 
11.1 

17.4 

lb... 

cu.  yd 

1,  577, 460 

34.8 

Total _ 

4,  527,  745 

100.0 

I 


the  average  unit  prices  of  the  given  period 
for  portland  cement  concrete  surfacing  and 
bituminous  concrete  surfacing  by  their  re- 
spective base  quantities,  dividing  the  sum 
of  these  products  by  the  total  base-period 
amount  ($1,420,693,000,  from  table  2)  for  the 
two  items,  and  multiplying  the  quotient  by 
100.  The  composite  structure  index,  and  the 
composite  highway  construction  cost  index 
(for  excavation,  surfacing,  and  structures 
combined),  are  computed  in  a  similar  manner, 
using  the  appropriate  prices,  quantities,  and 
dollar  amounts. 

Figure  2  is  the  graphical  representation  of 
the  new  index  trends;  table  3  (p.  199)  shows 
the  data  on  which  the  curves  are  based.  Index 
figures  for  1922-50  are  simple  mathematical 
conversions  from  the  1925-29  base  to  the 
1957-59  base.  They  were  derived  from  the 
previously   computed  figures,   using    1925-29 


New  Publications 


coming  landslide  problems.  The  handbook, 
designed  for  field  use  and  not  intended  to  be 
an  exhaustive  treatise,  lists  five  major  pub- 
lications on  the  subject  of  landslides. 

Landslide  Investigations  is  available  from 
the  Superintendent  of  Documents,  U.S.  Gov- 
ernment Printing  Office,  Washington  25,  D.C., 
at  30  cents  per  copy. 

Design  Charts  for  Open-Channel 
Flow 

The  Bureau  of  Public  Roads  has  recently 
published  Design  Charts  for  Open-Channel 
Flow,  making  generally  available  a  group 
of  hydraulic  charts  which  facilitate  the  com- 
putation of  uniform  flow  in  open  channels. 
Some  of  the  charts  are  also  useful  in  the  design 
of  storm  drains.  The  publication  is  not 
intended  to  be  a  treatise  on  the  design  of 
open  channels,  although  a  brief  discussion 
of  the  principles  of  flow  in  open  channels  is 
included.  Rather,  it  is  intended  as  a  working 
tool  that  should  be  of  considerable  service 
to  the  designer  already  familiar  with  the 
subject. 

The     105-page     publication     contains     82 


base  quantities  and  prices,  and  dividing  the 
figures  for  each  year  by  the  average  of  the 
figures  for  the  years  1957,  1958,  and  1959. 
Revised  figures  for  1950  and  subsequent  years 
are  computed  from  1957-59  base  quantities 
and  prices.  The  breaks  in  the  curves  in  figure 
2  indicate  indexes  for  1950  computed  by  both 
methods.  Prices  for  portland  cement  con- 
crete surfacing  reflect  adjustments  to  base 
period  thicknesses  in  each  State  and  do  not 
include  costs  for  reinforcing  steel  and  joints. 
The  new  index,  computed  on  the  1957-59 
base,  will  be  used  beginning  with  the  report 
for  the  first  quarter  of  calendar  year  1962. 
In  order  to  facilitate  the  change-over,  the 
reports  of  price  trends  for  Federal-aid  high- 
way construction  for  the  third  and  fourth 
quarters  of  calendar  year  1961  will  include 
index  data  on  both  the  1925-29  and  1957-59 
bases. 


charts  which  provide  direct  solution  of  the 
Manning  equation  for  uniform  flow  in  open 
prismatic  channels  of  various  cross  sections; 
instructions  for  using  the  charts;  a  table  of 
recommended  values  of  n  in  the  Manning 
equation  and  tables  of  permissible  velocities 
in  earth  and  vegetated  channels;  instructions 
for  constructing  charts  similar  to  those  pre- 
sented; and  a  nomograph  for  use  in  the 
solution  of  the  Manning  equation.  Charts 
are  included  for  rectangular,  trapezoidal,  and 
triangular  channels,  grass-lined  channels, 
circular  pipe  channels,  pipe-arch  channels, 
and  oval  concrete  pipe  channels. 

Practically  all  of  the  material  in  this  pub- 
lication has  appeared  previously  in  the 
processed  Highway  Drainage  Manual  pre- 
pared by  the  Public  Roads  Regional  Office 
in  Hagerstown,  Md. 

Design  Charts  for  Open-Channel  Flow,  which 
is  the  third  in  a  series  on  the  hydraulic  design 
of  highway  drainage  structures  published 
by  the  Bureau  of  Public  Roads,  is  available 
from  the  Superintendent  of  Documents, 
U.S.  Government  Printing  Office,  Washington 
25,  D.C.,  at  70  cents  per  copy. 
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Table  3.— Price  trends  for  Federal-aid  highway  construction,  1957-59  base 


Year 


Common  ex- 
cavation 


Bid        Index 
price 


Surfacing 


Portland  ce- 
ment concrete 


Bid 
price 


Index 


Bituminous 
concrete 


Bid 

price 


Index 


Sur- 
facing 

index 


Structures 


Reinforcing 
steel 


Bid 
price 


Index 


Structural 
steel 


Structural 
concrete 


Bid 
price 


Index 


Bid 

price 


Index 


Struc- 
tures 

index 


INDEXES  CONVERTED  MATHEMATICALLY  FROM  1925-29  BASE  TO  1957-59  BASE  2 


1922 
1923 
1924 
1925 

1926 
1927 
1928 
1929 
1930 

1931 
1932 
1933 
1934. 
1935. 

193fi. 
1937. 
1938. 
1939. 
1940. 

1941. 
1942. 
1943. 
1944. 
1945. 

1946. 
1947. 
1948. 
1949. 
1950. 


Cu.  i/d. 

$0.40 
.47 
.43 
.39 

.36 
.35 

.34 
.32 
.30 


.18 
.26 
.29 
.26 

.26 
.24 
.21 
.21 

.21 

.24 
.37 
.44 
.37 
.36 

.35 
.38 
.42 
.38 
.33 


102.  5 
119.3 
109.4 
98.5 


85.9 
80.6 
77.3 

69.5 
49.2 
66.2 
74.6 
65.6 

67.0 
61.8 
53.5 
53.5 
53.0 

62.0 
93.2 
111.0 
95.4 
91.0 

88.7 
97.0 
106.8 
96.2 
84.6 


Sq.  yd. 

$2.  28 
2.43 
2.40 
2.36 

2.29 
2.29 
2.10 
2.05 
1.86 

1.68 
1.44 
1.67 
1.98 
1.90 

1.91 

1.89 
1.72 
1.73 
1.68 

1.87 

2.39 
2.71 
2.45 
2.38 

2.65 
3.01 
3.37 
3.40 
3.32 


56.9 
60.6 
59.9 
58.9 

57.1 
57.1 
52.4 
51.1 
46.4 

41.9 
35.9 
41.6 

47.4 
47.4 

47.6 
47.1 
42.9 
43.1 
41.9 

46.  6 
59.6 
67.6 
61.1 
59.4 

66.  1 
75.1 
84.0 
84.8 
82.8 


56.9 
60.6 
59.9 
58.9 

57.1 
57.1 
52.4 
51.1 
46.4 

41.9 
35.9 
41.6 

47.4 

47.4 

47.6 
47.1 
42.9 
43.1 

41.9 

46.6 
59.6 
67.6 
61.1 
59.4 

66.1 
75.1 
84.0 
84.8 
82.8 


Lb. 

$0.  050 
.057 
.057 
.056 

.053 
.051 
.049 
.048 
.045 

.040 
.034 
.038 
.043 
.044 

.046 
.048 
.045 
.044 
.045 

.054 
.065 
.067 
.064 
.062 

.075 
.093 
.108 
.104 
.100 


38.1 
43.4 
43.4 
42.6 

40.3 
38.8 
37.3 
36.5 
34.2 

30.4 
25.9 
28.9 
32.7 
33.5 

35.0 
36.5 
34.2 
33.5 
34.2 

41.1 
49.5 
51.0 
48.7 
47.2 

57.1 
70.8 
82.2 
79.1 
76.1 


Lb. 

$0. 074 
.078 
.077 
.067 

.074 
.071 
.067 
.059 
.061 

.054 
.046 
.046 
.053 
.052 

.060 
.066 
.063 
.059 
.063 

.076 
.090 
.095 
.089 
.077 

.113 

.132 
.158 
.146 
.139 


37.3 
39.4 
38.8 
33.8 

37.3 
35.8 
33.8 
29.8 
30.8 

27.2 
23.2 
23.2 
26.7 
26.2 

30.3 
33.3 
31.8 
29.8 
31.8 

38.3 

45.4 
47.9 
44.9 
38.8 

57.0 
66.6 
79.7 
73.7 
70.1 


Cu.  yd. 

$20. 18 
23.37 
22.91 
22.  53 

22.76 
22.65 
21.22 
21  58 
20.08 

18.02 
15.33 

16.15 
17.73 
17.78 

20.25 
19.76 
19.06 
19.13 
19.17 

21.44 
26.10 
30.19 
31.94 
31.62 

38.79 
45.84 
51.00 
47.  36 
44.  62 


36.  6 
42.4 
41.6 
40.9 

41.3 
41.1 
38.5 
39.2 
36.4 

32.7 
27.8 
29.3 
32.2 
32.3 

36.8 
35.9 
34.6 
34.7 
34.8 

38.9 
47.5 
54.8 
58.0 
57.4 

70.4 
83.2 
92.  6 
86.0 
81.0 


37.2 
42.5 
41.  9 
40.6 

40.6 
39.7 
37.6 
37.2 
35.0 

31.3 
26.6 
28.2 
31.6 
31.9 

35.2 
35.8 
34.1 
33.6 
34.3 

39.4 
47.8 
52.6 
53.4 
51.8 

64.4 
77.0 

87.6 
82.3 
78.0 


INDEXES  COMPUTED  FROM  1957-59  BASE  QUANTITIES  AND  PRICES  > 


195(1 


1951. 
1952. 
1953. 
1954. 
1955. 

1956. 
1957. 
1958. 


1959: 
1st  quarter.. 
2nd  quarter  . 
3rd  quarter.. 
4th  quarter.. 
Average. . . 


1960: 
1st  quarter.. 
2nd  quarter. 
3rd  quarter.. 
4th  quarter.. 
Average... 


1961: 
1st  quarter.. 
2nd  quarter. 

1957-59  base  >.. 


$0.  32 


.40 
,43 
.40 

.38 
.35 

.40 
.42 
.43 


.37 
.38 
.42 
.41 
.39 


.41 
.39 


0.42 


75.7 

96.2 
102.4 
96.2 
91.4 
84.0 

96.0 

100.7 
102.9 


102.6 
94.0 

95.2 
90.7 
95.7 


86.9 
91.2 
100.2 
96.4 
93.8 


98.3 
92.6 


100.0 


$3.62 

3.92 
4.19 
4.07 
3.98 
3.96 

4.26 
4.34 
4.41 


4.26 
4.33 
4.38 
4.64 
4.40 


4.36 
4.35 
4.27 
4.33 

4.33 


4.18 
4.13 


4.38 


82.  7 

89.6 
95.7 
93.0 
90.9 
90.5 

97.3 
99.2 
100.8 


97.3 
98.9 
100.1 
106.0 
100.  5 


99.6 
99.4 
97.6 
98.9 

9*  9 


95.5 
94.4 


100.0 


$5.  89 

7.33 

6.98 
6.53 
5.97 
6.07 

6.58 
6.75 
6.67 


6.50 
6.31 

6.82 
6.70 
6.58 


6.11 
6.20 
6.71 
6.44 
6.37 


6.19 
6.38 


110.1 
104.8 
98.1 
89.7 
91.2 


101.4 
100.2 


97.6 
94.8 
102.  4 
100.  6 


91.8 
93.1 
100.8 
96.7 
95.7 


93.0 
95.8 


100.0 


85.7 

100.  3 
100.5 
95.6 
90.3 
90.8 

98.1 
100.3 
100.5 


97.5 
96.8 
101.3 
103.2 
99.6 


95.5 
96.  1 
99.2 
97.8 
97.2 


94.2 
95.1 


100.0 


$0.  099 

.119 
.119 
.121 
.112 
.110 

.127 
.134 
.129 


.125 
.123 
.124 
.130 
.126 


.125 
.121 
.114 
.116 
.119 


.115 
.116 


76.2 

92.0 
92.4 
93.8 
86.7 
85.2 

97.9 

104.  0 
99.9 


97.1 
94.9 
96.3 
100.7 
97.2 


97.0 
93.3 


90.1 
92.1 


89.0 
89.6 


0.129      100.0 


$0. 129 

.176 
.178 
.  172 
.159 
.157 

.212 
.228 
.186 


.181 
.165 
.160 
.170 
.169 


.178 
.155 
.167 
.166 
.167 


.162 
.163 


0.195 


66.1 

90.4 
91.3 

88.6 
81.5 


108.9 
117.0 
95.7 


93.1 
84.6 
82.3 
87.1 


91.6 
79.7 
85.7 
85.1 
85.6 


83.4 
83.9 


$4.'  62 

50.72 
52.  24 
52.82 
50.15 
50.01 

53.74 
55.98 
54.10 


53.53 
51.19 
52.59 
54.67 
53.  00 


53.98 
50.20 
50.97 
51.71 
51.72 


52. 14 
53.  25 


54.18 


78.7 

93.6 
96.4 
97.5 
92.6 
92.3 

99.2 
103.3 
99.9 


94.5 
97.1 
100.9 
97.8 


99.6 
92.7 
94.1 
95.5 

'I.'.  :, 


96.2 
98.3 


100.0 


74.2 

92.3 
94.1 
94.0 
88.0 
87.4 

102.0 

107.8 
98.5 


96.7 
91.4 
92.2 
96.5 
94.2 


96.6 
88.7 
90.3 
91.2 
91.7 


90.8 
92.2 


100.0 


Compos- 
ite index 


78.3 

96.1 

98.9 
95.3 
89.9 
87.3 


103.1 
100.6 


98.9 
94.0 
96.1 
96.6 
96   I 


93.0 
91.9 
96.  5 
95.0 
94.1 


94.4 
93.2 


100.  0 


63.2 
70.4 
67.  6 
64.2 

61.8 
60.9 
56.9 
55.0 
51.2 

45.9 
36.4 

45.8 
50.2 
48.1 

49.5 
47.4 
43.5 
43.4 
42.8 

48.6 
65.0 
74.0 
67.6 
65.1 

71  1 
80.6 
90.3 
87.1 
82.3 


INDEXES  COMPUTED  ON  PREVIOUS  QUARTER  BASE! 


1960: 
1st  quarter.. 
2nd  quarter. 
3rd  quarter.. 
4th  quarter.. 

1961: 
1st  quarter.. 
2nd  quarter  . 


95.8 
104.9 
109.9 

96.2 


102.  0 
94.2 


94.0 


98.2 
101.4 


96.5 


91.2 
101.  5 
Ills.  2 

96.  0 


96.1 
103.  0 


92.6 
100.6 
103.3 

98.5 


96.3 
101.0 


96.3 
96.2 
94.1 
102.6 


100.7 


105.  2 
87.0 

107.5 
99.3 


98.0 
100.6 


98.7 
93.0 
101.5 
101.5 


100.8 
102.2 


100.1 
91.8 
101.8 
101.0 


101.5 


96.2 
98.8 
105.0 
98.5 


1  Base  for  composite  index,  1957-59,  involves  3,641,885,000  cu.  yd.  of  roadway  excavation;  154,953,000  sq.  yd.  of  Portland  cement  concrete  surfacing  with  average  thickness  of  9.1  in.;  111,516,000 
tons  of  bituminous  concrete  surfacing;  2,206,879,000  lb.  of  reinforcing  steel  for  structures;  2,581,462,000  lb.  of  structural  steel;  and  14,583,000  cu.  yd.  of  structural  concrete. 

2  Derived  from  the  previously  computed  figures,  using  1925-29  base  quantities  and  prices,  and  dividing  the  figures  for  each  year  by  the  average  of  the  figures  for  1957,  1958,  and  1959. 

3  Prices  for  Portland  cement  concrete  surfacing  reflect  adjustments  to  base  period  thicknesses  in  each  State  and  do  not  include  costs  for  reinforcing  steel  and  joints. 
«  Bid  prices  for  the  base  period,  1957-59,  for  which  the  index  is  100. 

s  Index  for  each  quarter  as  computed  using  an  index  of  100  for  the  preceding  quarter. 
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Dynamic  Weighing  of  Vehicles 


I  dependable  method  of  weighing  the  axle  loads  of  a  moving  vehicle  is  needed 
in  the  collection  of  highway  planning  <lula  and  as  an  aid  to  the  enforcement  of 
load  limit  regulations.  i  research  project  now  under  way  at  the  University  of 
Kentucky  has  <i.s  its  object  ice  the  development  of  such  a  method.  The  first 
phase  of  the  project  included  an  appraisal  of  all  known  previous  work  in  the 
field  of  dynamic  weighing.  This  article  reviews  the  development  of  the  dynamic 
electronic  scale  and  the  experiences  of  a  number  of  State  highway  departments 
with  its  practical  use.  Recent  experimental  developments  in  this  country  and 
Europe  are  described  and  evaluated.  Some  conclusions  are  reached  and  the 
future  course  of  the  Kentucky  project  is  outlined. 


Introduction 

WHAT  IS  THE  BEST  and  most  practi- 
cal method  of  weighing  a  moving  vehicle? 
Should  new  equipment  be  developed  for  this 
purpose  or  can  existing  devices  be  modified  to 
do  the  job?  The  answer  to  these  and  other 
questions  on  the  subject  are  being  sought  by 
a  research  team  at  the  University  of  Ken- 
tucky's College  of  Engineering.1 

Working  under  joint  sponsorship  of  the 
Kentucky  Department  of  Highways  and  the 
Bureau  of  Public  Roads,  the  team  is  conduct- 
ing its  investigations  along  these  general 
lines : 

An  examination  and  appraisal  of  all  known 
types  of  commercial  and  experimental  dy- 
namic weighing  systems. 

The  design  and  construction  of  a  test  in- 
stallation on  an  Interstate  System  route. 

An  exhaustive  testing  program,  utilizing 
various  types  of  dynamic  scales  and  allied 
equipment. 

Analysis  of  the  test  results,  with  the  objec- 
tive of  developing  specifications  for  a  model 
dynamic  weighing  station. 

The  first  step,  collection  of  all  available  in- 
formation on  the  subject  of  dynamic  weighing, 
has  been  completed.  It  is  realized,  however, 
that  some  unpublished  or  unpublicized  work 
may  well  have  been  missed  by  the  research 
staff,  and  information  on  any  such  additional 
material  for  study  would  be  appreciated. 

After  study  of  the  available  literature,  a 
number  of  inspection  trips  were  made  to  exist- 
ing installations.  This  article  summarizes  the 
findings  from  both  approaches,  draws  some 
conclusions,  and  outlines  the  future  course  of 
the  project. 

Purposes  of  Dynamic  Weighing 

The  problem  of  weighing  moving  vehicles 
has  received  the  attention  of  many  agencies 
and  individuals  concerned  with  the  planning 


1  Members  of  the  research  team  are  David  K.  Blythe,  Civil 
Engineering  Department  Head,  project  director;  John  A. 
Dearinger,  Assist  nit  Professor  of  Civil  Engineering,  assistant 
project  director;  Russell  E.  Puckett,  Assistant  Professor  of 
Electrical  Engineering,  electronics  engineer;  and  Charles  C. 
Schimpeler,  graduate  student  in  civil  engineering,  research 
assistant. 
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and  operation  of  our  highway  systems.  A 
knowledge  of  the  magnitude  and  frequency  of 
application  of  wheel  loads  to  the  highway  sur- 
face is  of  major  importance  in  the  structural 
design  of  the  pavement  cross  section,  and  in 
anticipating  future  maintenance  problems. 
This  information  is  generally  obtained  at 
present  by  stopping  a  small  sample  of  the 
passing  vehicles  and  measuring  the  wheel 
loads  with  a  portable  scale  or  loadometer. 
The  cost  of  weighing  a  200-vehicle  sample  by 
this  method  has  been  estimated  at  about  $150 
per  day  (1)  2.  Obviously,  an  efficient  dynam- 
ic weighing  system  in  continuous  operation 
would  permit  the  collection  of  data  for  a  much 
larger  sample  at  a  greatly  reduced  operating 
cost. 

The  trucking  industry  and  the  load  limit 
enforcement  agencies  of  the  several  States  are 
also  interested  in  the  development  of  a  dy- 
namic scale  that  will  determine  axle  weights 
of  vehicles  in  the  traffic  stream  with  an  accu- 
racy sufficient  to  permit  detection  of  over- 
loads. Those  trucks  loaded  near  or  above  the 
legal  limit  could  then  be  stopped  for  check 
weighing  at  a  conventional  static  scale,  if 
necessary  for  legal  reasons.  Empty  or  lightly 
loaded  vehicles  could  proceed  with  little  or  no 
delay.  The  importance  of  this  is  emphasized 
by  the  fact  that  during  one  14-week  period  in 
Illinois,  over  a  million  vehicles  were  stopped 
unnecessarily  for  weighing  in  connection  with 
load-limit  enforcement.  Only  0.2  percent  of 
the  vehicles  weighed  were  overloaded  ( 1). 

Tiie  Electronic  Scale 

The  most  widely  used  dynamic  weighing 
device  is  the  electronic  scale.  This  type  of 
scale  has  been  used  by  industry  for  over  a 
decade  in  the  static  weighing  of  such  diverse 
items  as  steel,  coal,  cement,  and  aircraft;  and 
for  both  dynamic  and  static  weighing  of  rail- 
road freight  cars  (1).  The  electronic  scale 
will  measure  static  weights  with  an  accuracy 
equal  to  or  better  than  that  of  the  lever  system 
scale.  It  is  also  light  in  weight  and  contains 
no  levers,  knife  edges,  or  other  mechanical 
parts  requiring  periodic  adjustments  due  to 
wear. 


2  Italic  numbers  in  parentheses  represent  references,  page 
210. 


by  JOHN  A.  DEARINGER 

Assistant  Professor  of  Civil  Engineering 

College  of  Engineering 

University  of  Kentucky 

As  shown  in  figure  1,  the  basic  weight  sens- 
ing element  of  the  electronic  scale  is  the  resist- 
ance wire  strain  gage,  which  is  an  encased  fine 
wire  grid  mounted  on  a  paper  backing  and 
covered  with  felt.  When  a  load  is  applied  to 
a  structural  member,  to  which  the  strain  gage 
is  cemented,  the  wire  in  the  gage  is  lengthened 
or  shortened  a  minute  amount.  This  change 
in  length  results  in  a  measurable  change  in  the 
resistance  of  the  wire,  which  is  proportional 
to  the  applied  load. 

An  important  application  of  this  principle 
for  weighing  purposes  is  in  the  commercially 
developed  "load  cell."  The  load  cell,  illus- 
trated in  figure  1,  consists  primarily  of  a  short 
steel  column  to  which  are  bonded  resistance 
wire  strain  gages.  The  gages  are  so  arranged 
that  in  each  cell  they  form  a  resistance  net- 
work commonly  known  as  a  Wheatstone 
Bridge.  When  the  network  is  balanced,  the 
voltage  output  of  the  cell  is  zero.  When  a 
load  is  applied  to  the  cell  the  bridge  becomes 
electrically  unbalanced,  resulting  in  a  tiny 
voltage  output  which  can  be  amplified  and 
translated  into  an  indication  of  weight. 

The  typical  electronic  scale  consists  of  a 
rectangular  platform  supported  at  each  of  its 
corners  by  a  load  cell.  The  type  of  detecting 
and  recording  apparatus  used  depends  upon 
the  object  being  weighed  and  the  kind  of  output 
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Figure  1.  —  The  strain  gage  load  cell. 

October  1961  •  PUBLIC   ROADS 


desired.  The  scales  for  weighing  cement  and 
livestock,  for  example,  use  a  printed  card  out- 
put (2).  Most  of  the  scales  used  for  dynamic 
weighing  are  equipped  with  a  recording  oscillo- 
graph which  records  a  weight  as  the  peak 
reading  of  a  stylus  trace  on  paper  tape.  A 
typical  oscillograph  record  is  shown  in  figure  2. 

Development    of  Dynamic    Weighing 

The  pioneer  effort  in  the  development  of  a 
dynamic  weighing  device  for  highway  use  was 
made  by  0.  K.  Normann  and  R.  C.  Hopkins 
of  the  Bureau  of  Public  Roads,  who,  in  1951, 
installed  an  experimental  scale  in  the  Shirley 
Highway  near  Washington,  D.C.  (3). 

This  scale  consisted  of  a  3-foot  long  (in  the 
direction  of  traffic)  by  10-foot  wide  concrete 
platform,  supported  on  four  load  cells  (see  fig. 
2).  The  electronic  apparatus  used  was  part 
of  a  portable  kit  designed  for  the  static  weigh- 
ing of  aircraft.  The  scale  was  calibrated  so 
that  the  axle  weights  of  a  vehicle  passing  over 
the  platform  were  shown  as  individual  peaks 
in  an  oscilloscope  pattern.  Recording  was 
accomplished  by  photographing  the  pattern 
at  the  time  of  the  vehicle's  passage.  A  pair 
of  air  switches,  actuated  by  road  tubes,  pro- 
vided automatic  starting  and  stopping  of  the 
equipment,  and  enabled  speed  and  axle  spacing 
to  be  determined. 

Accuracy  tests  were  conducted  by  compar- 
ing the  static  axle  weights  of  a  2-axle  test 
vehicle  with  the  dynamic  weights  recorded  by 
the  electronic  scale,  at -vehicle  speeds  ranging 
from  10  to  50  miles  per  hour.  The  average 
difference  between  the  weight  recorded  and 
the  actual  static  weight  was  about  5  percent, 
and  seemed  to  be  independent  of  speed. 
A  much  larger  variance  was  noted  for  the 
second  and  third  axles  of  a  3-axle  vehicle; 
this  was  thought  to  be  due  to  the  vibrations 
set  up  in  the  platform  by  the  first  axle. 
Horizontal  tie-bars  and  vertical  pre-loading 
bolts  added  to  the  platform  succeeded  in 
reducing  the  size  of  these  differences  by  about 
50  percent. 

Further  testing  of  the  scale  resulted  in  a 
number  of  recommendations  for  improving  its 
design  and  operation .  These  recommendations 
were  incorporated  into  a  second  scale  con- 
structed near  Woodbridge,  Va.,  by  the 
Virginia  Department  of  Highways  in  co- 
operation with  the  Bureau  of  Public  Roads 
and  an  electronic  equipment  manufacturer. 
Major  changes  in  the  design  of  this  scale 
included  lengthening  the  platform  to  7  feet 
(in  the  direction  of  traffic)  and  the  use  of  a 
recording  oscillograph  instead  of  the  oscil- 
loscope and  camera.  The  Woodbridge  scale 
was  used  by  the  Public  Roads  research  staff 
in  their  search  for  the  best  method  of  measur- 
ing variations  in  the  dynamic  loading  of  the 
highway  surface  (4). 

Test  data  from  the  original  scale  had  shown 
that  the  dynamic  weights  recorded  varied 
from  the  static  weights  in  a  random  manner — - 
the  recorded  dynamic  weight  of  an  axle  might 
be  greater  than,  less  than,  or  equal  to  its 
static  weight.  This  indicated  that  the  vehicles 
were  oscillating  as  they  crossed  the  platform, 
and  that  the  scale  was  actually  sampling  the 
applied    pressure    at    random    points    in    the 

PUBLIC   ROADS  •  Vol.  31,  No.  10 


DISTANCE    =    TIME 


DYNAMIC 

WEIGHT- 

1,000  POUNDS 

o       o       o 

AA 

(Ifl 

r\u 

(III. 

in 

START 
RECORDING 


FRONT 
AXLE 


DRIVE 
AXLES 


TRAILER 
AXLES 


STOP 
RECORDING 


TYPICAL  OSCILLOGRAPH  RECORDING 
(5-AXLE   TRUCK-  TRAILER) 


LOAD  CELL  OUTPUT 
TO  RECORDING  UNIT 


CONCRETE    PIT 


DYNAMIC  SCALE  INSTALLATION 
Figure  2. — Highway  installation  of  a  dynamic  weighing  scale. 


vehicle's  oscillation  cycle.  This  was  verified 
by  measuring  dynamic  load  variations  through 
air  pressure  changes  in  the  tires  of  a  moving 
vehicle  and  comparing  these  variations  to  the 
simultaneous  weight  recordings  of  the  scale. 

It  was  also  found  that  the  number  of  cycles 
through  which  the  vehicle  oscillated  as  it 
crossed  the  7-foot  platform  was  dependent 
upon  speed  and  pavement  roughness.  For 
speeds  over  20  miles  per  hour,  less  than 
one-half  of  a  complete  cycle  occurred  while 
the  vehicle  was  on  the  platform.  Rough 
approach  conditions  tended  to  decrease  the 
frequency  of  the  oscillations  with  a  correspond- 
ing increase  in  their  amplitude.  The  reverse 
was  true  for  smoother  approach  surfaces. 

These  findings  were  significant.  Since  the 
dynamic  weights  ranged  above  and  below 
the  static  weights  in  an  unbiased  way,  the 
differences  or  "errors"  would  tend  to  cancel  out 
of  the  sum  of  a  number  of  recorded  axle  loads. 
Gross  tonnage  information  needed  by  highway 
planners  could  thus  be  obtained  on  the  elec- 
tronic scale  with  an  accuracy  equal  to  that 
of  the  slower  and  more  costly  loadometer 
method.  It  was  also  made  clear  that  a  smooth 
approach  to  the  scale  platform  was  a  necessity 
if  a  closer  agreement  between  static  and 
dynamic  weights  was  to  be  realized. 

Dynamic  Weighing  in  the 
United  States 

Encouraged  by  the  results  of  the  Bureau 
of  Public  Roads  experimental  work,  a  few 
electronic  equipment  firms  began  manufactur- 
ing scales  for  dynamic  weighing.    These  scales 


were  all  of  the  same  general  design  as  the 
Public  Roads  prototype — a  short  rectangular 
platform  supported  by  load  cells. 

With  the  advent  of  the  commercially  avail- 
able scale,  several  State  highway  departments 
became  interested  in  its  application  to  their 
particular  problems.  First  to  attempt  the 
practical  use  of  the  dynamic  scale  were  the 
States  of  Iowa,  Minnesota,  and  Oregon.  The 
degree  of  success  attained  by  these  States  in 
their  dynamic  weighing  operations  appears  to 
have  depended  mainly  upon  the  type  of 
information  they  were  trying  to  obtain. 

It  was  generally  agreed  that  the  electronic 
scale  might  well  be  used  for  one  or  more  of  the 
following  purposes: 

Dynamic  weighing  to  obtain  weight  data 
for  research  and  planning. 

Dynamic  weighing  to  detect  overloaded 
trucks. 

Static  weighing  for  enforcement  of  legal 
weight  limits. 

As  will  be  seen,  these  three  States,  in  the 
course  of  their  experiences  with  the  device, 
have  investigated  rather  thoroughly  the 
practical  side  of  each  of  these  possibilities. 
All  of  these  States  completed  their  initial 
installations  at  about  the  same  time  (in  the 
fall  of  1954)  and  all  used,  with  individual 
minor  variations,  scales  manufactured  by  the 
same  electronics  firm. 

Iowa  experience 

The  Iowa  State  Highway  Commission  has 
used  the  electronic  scale  for  the  collection  of 
dynamic  axle-load  data  for  planning  purposes 
exclusively  (5).     They  now  have  three  scales 
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iii  operation  and  are  planning  to  install  seven 
others.  This  agency  uses  a,  single  set  of 
amplifying  and  recording  instruments  housed 
in  a  converted  school  bus  (6).  Connection 
to  the  load  cells  of  an  individual  scale  is  made 
through  a  weatherproof  junction  box  mounted 
on  the  road  shoulder.  Iowa  plans  to  use  this 
combination  of  strategically  placed  dynamic 
scales  and  a  mobile  recording  unit  as  an 
eventual  replacement  for  their  loadometer 
crews.  Official  opinion  in  this  State  is  that 
the  dynamic  weights  recorded  by  the  scale 
represent  the  actual  loads  applied  to  the 
highway  and  are  therefore  more  useful  in 
planning  and  design  than  are  the  static  axle 
loads.  No  attempt  has  been  made  to  use  the 
scales  for  enforcement  purposes. 

Comparisons  of  static  and  dynamic  weights 
recorded  at  the  Iowa  scales  showed  that  20 
percent  of  the  vehicles  were  "overweighed" 
by  more  than  5  percent,  while  only  5  percent 
were  "underweighed"  by  more  than  5  percent. 
Dynamic  weights  recorded  for  50  percent  of 
the  vehicles  fell  within  2  percent  of  the 
corresponding  static  weights. 

Though  few  maintenance  problems  have 
been  encountered  in  Iowa,  the  need  has  been 
expressed  for  an  improved  method  of  record- 
ing the  data.  A  continuous  output  in  the 
form  of  a  punched  card  or  printed  tape  would 
reduce  the  many  hours  of  tedious  work  now 
required  to  extract  weight  data  from  the 
oscillograph  tapes. 
Minnesota  experience 

The  Minnesota  Department  of  Highways 
has  been  using  the  electronic  scale  for  all  three 
of  the  purposes  listed  above  (7).  An  instal- 
lation near  St.  Paul  uses  one  scale  as  a  detector 
to  cull  out  overloaded  trucks,  and  another 
located  1,500  feet  down  the  highway  as  a 
static  scale  for  check  weighing  the  suspected 
violators.  The  detector  scale  is  set  so  that 
the  passage  of  a  truck  whose  indicated  weight 
is  above  the  legal  limit  causes  a  sign  to  flash 
on,  directing  the  vehicle  to  go  to  the  static 
scale.  The  violation  is  also  indicated  to  the 
scale  operator  by  a  warning  light.  Fines 
collected  from  the  operators  of  overloaded 
vehicles  detected  by  this  setup  amounted  to 
nearly  $15,500  during  a  3-month  period. 
This  represents  over  half  of  the  cost  of  the 
entire  installation. 

A  second  set  of  electronic  scales,  one  dy- 
namic and  one  static,  placed  in  a  major  high- 
way west  of  Minneapolis,  is  used  to  collect 
wheel-load  data  for  planning  and  research. 
Minnesota  highway  engineers  feel  that  the 
collection  of  this  type  of  information  is  of 
such  importance  as  to  more  than  justify  the 
cost  of  the  scales. 

Minnesota  has  found  that  crossing  speeds 
above  55  miles  per  hour  resulted  in  inaccurate 
weight  recordings.  As  this  was  due  to  the 
effect  of  momentum  on  the  sweep  of  the 
recording  stylus,  the  speed  limit  was  reduced 
to  40  miles  per  hour  in  the  vicinity  of  the 
detector.  Traffic  was  channelized  to  assure 
that  all  of  the  wheels  of  a  given  truck  would 
pass  over  the  detector  platform. 

Maintenance  problems  in  Minnesota  have 
been  chiefly  caused  by  the  effects  of  extreme 
cold  on   the  recording  equipment.     This  has 


been  lessened  by  insulating  the  instrument 
housings,  and  by  using  an  instrument  van 
similar  to  Iowa's  (8). 

Oregon  experience 

Oregon's  experience  with  weighing  moving 
vehicles  began  in  September  1954,  when  two 
electronic  scales  were  placed  in  a  highway 
near  Oregon  City  (9).  These  scales  were  used 
to  collect  wheel-load  data  for  a  long-range 
pavement  performance  test. 

Calibration  was  accomplished  by  using  a 
truck-trailer  combination  of  known  static 
axle  weights,  and  a  large  trucking  concern 
agreed  to  run  their  scheduled  vehicles  over 
the  scales.  This  provided  a  sizable  sample  of 
known  axle  loads,  in  various  combinations  of 
size  and  spacing.  Statistical  analysis  of  the 
data  collected  during  this  period  enabled  the 
calculation  of  "correction  factors"  for  eon- 
verting  the  recorded  dynamic  weights  to 
equivalent  static  weights.  The  correction 
factors  averaged  about  1,000  pounds  for  the 
particular  traffic  and  speed  range  existing  at 
this  location.  This  was  considered  of  suffi- 
cient accuracy  for  research  purposes. 

Many  maintenance  problems  arose  during 
the  first  year  of  operation  of  the  Oregon  scales. 
A  report  published  at  the  end  of  that  time 
stressed  the  difficulty  in  leveling  the  platform. 
The  four-point  support  requires  that  the  tops 
of  the  load  cells  be  adjusted  to  within  0.001 
inch  of  the  same  elevation,  so  that  each  cell 
will  carry  an  equal  share  of  the  dead  load. 
Oregon's  trouble  occurred  because  at  the 
initial  placement  of  the  platform,  no  way  was 
provided  to  make  subsequent  leveling  adjust- 
ments. Difficulties  were  also  precipitated  by 
accumulation  of  moisture  in  the  scale  pits, 
resulting  in  deterioration  of  the  load  cells  and 
of  the  circuitry,  and  by  failures  in  the  elec- 
tronic equipment  due  to  variances  in  the 
voltage  supply. 

The  original  two  scales  were  eventually 
removed  and  reinstalled,  along  with  an 
additional  two,  in  the  Baldock  Freeway. 
These  four  scales  were  operated  16  hours  each 
month  for  a  period  of  20  months.  The  same 
troubles  originally  encountered  continued  to 
preclude  the  successful  operation  of  the  scales. 
The  expense  of  maintaining  the  equipment 
under  these  conditions  became  prohibitive, 
and  the  weighing  operations  were  discontinued 
in  early  1958  (10). 

Other  installations 

On  the  Indiana  Toll  Road,  a  slightly 
different  type  of  scale  is  now  beingjused  at  the 
toll  plazas  for  detecting  overloaded  vehicles. 
This  scale  was  manufactured  by  a  firm 
specializing  in  toll  collection  equipment.  The 
steel  platform  is  supported  on  four  moisture- 
proof  load  cells,  and  can  be  adjusted  position- 
ally  in  three  directions  by  a  system  of  tie  bolts. 
The  weight  sensing  elements  of  the  scale  can 
be  preset  to  a  given  weight  limit,  and  cause 
an  alarm  to  be  sounded  when  the  limit  is 
exceeded.  Also  featured  is  an  automatic 
print-out,  recording  the  vehicle's  passage, 
time,  place  of  entry,  and  other  pertinent  data. 

Other  potentially  fruitful  studies  have  been 
under  way  in  the  United  States.  Among 
these  are  the  electronic  scale  installations  used 


for  research  at  the  AASHO  Road  Test  and  at 
the  Michigan  State  Highway  Department 
Research  Laboratory,  and  the  study  of  road 
loading  mechanics  conducted  at  the  Cornell 
Aeronautical  Laboratory. 

The  setup  at  the  AASHO  Road  Test,  which 
was  not  built  specifically  for  weighing  vehicles 
in  motion,  consists  of  three  scales.  Two  of 
these  are  used  for  the  static  weighing  of  the 
tandem  axles  of  the  test  vehicles.  The  third 
scale  has  served  as  a  calibration  instrument  for 
the  tire-pressure  measuring  equipment  used 
in  the  study  of  variations  in  pavement  loading. 
Informal  tests  conducted  by  the  scale  manu- 
facturer, shortly  after  construction  was  com- 
pleted, showed  differences  of  up  to  20  percent 
between  the  static  and  dynamic  weights  of  a 
30,000-pound  axle.  Although  the  physical 
facilities  and  instrumentation  of  the  Road 
Test  offered  a  unique  opportunity  for  full 
exploration  of  the  problem  of  dynamic  weigh- 
ing, the  primary  interest  has  necessarily  been 
in  other  areas,  and  the  electronic  scale  has 
served  only  as  a  useful  tool. 

While  the  AASHO  Road  Test  is  mainly 
concerned  with  the  effect  of  the  vehicle  upon 
the  road,  Michigan  engineers  are  investigating 
the  reverse  situation;  that  is,  the  stresses  and 
strains  induced  in  a  vehicle  by  varying  pave- 
ment conditions.  The  scale  used  in  this  work 
has  a  7-foot  long  steel  platform  which  weighs 
approximately  the  same  as  a  section  of  pave- 
ment of  the  same  dimensions.  Impact  is 
introduced  by  placing  wood  strips  of  various 
thicknesses  on  the  platform  during  the  test 
runs.  Dynamic  weights  recorded  by  the 
scale  are  used  to  check  those  obtained  through 
tire-pressure  variations  on  the  test  vehicle. 

The  Cornell  Aeronautical  Laboratory,  in  its 
study  of  road  loading  mechanics  (//),  has 
been  investigating  the  cause  and  effect  of  the 
high  percentage  of  variation  of  dynamic  axle 
weights  from  their  corresponding  static 
weights.  These  studies  have  been  made  by 
the  use  of  mathematical  models  representing 
typical  vehicles  and  road  surface  conditions. 
The  preliminary  findings  show  that  for  the 
same  surface  roughness,  the  maximum  ratio 
between  dynamic  weight  and  static  weight 
may  range  from  1.5  for  a  rear  loaded  truck 
with  shock  absorbers  to  7.5  for  an  empty 
truck  with  no  shock  absorbers.  Actual 
experience  with  dynamic  weighing,  however, 
has  not  revealed  consistent  variations  of  this 
size,  although  differences  of  20  to  50  percent 
are  common. 

Other  American  Dynamic  Scales 

Several  attempts  have  been  made  to  weigh 
moving  vehicles  by  means  other  than  the 
floating-platform  electronic  scale.  Work  of 
this  nature  has  been  the  subject  of  at  least 
two  theses  for  civil  engineering  master's 
degrees  in  the  last  4  years. 

With  the  perfection  of  the  resistance  wire 
strain  gage,  and  instruments  to  detect  and 
record  its  output,  it  became  feasible  to  meas- 
ure the  actual  stresses  produced  in  a  structure 
both  by  stationary  and  by  moving  loads.  One 
of  the  first  studies  of  this  type  was  conducted 
by  the  University  of  California  on  the  San 
Leandro    Creek    Bridge    near    Oakland    (12). 
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Figure  3. — Experimental  beam-type  scale. 


Part  of  the  study  was  concerned  with  the 
effect  of  dynamic  loads  transmitted  to  the 
bridge  structure  by  a  moving  vehicle.  This 
was  done  very  effectively  by  attaching  strain 
gages  to  the  supporting  girders  and  using  a 
recording  galvanometer  to  present  the  gage 
output  in  a  form  which  could  be  interpreted. 

This  same  process  was  used  by  a  University 
of  Kentucky  graduate  student  to  weigh  mov- 
ing vehicles  (13).  Strain  gages  were  attached 
to  the  steel  I  beams  supporting  the  platform 
of  an  existing  lever-type  scale,  as  shown  in 
figure  3.  The  weight  of  a  vehicle  moving  over 
the  platform  resulted  in  a  momentary  strain 
in  the  beams  due  to  bending.  The  gage  out- 
put, under  strain,  was  recorded  by  a  light- 
beam  galvanometer  similar  to  that  used  in  the 
San  Leandro  study.  It  was  reasoned  that  the 
deflections  of  the  galvanometer  would  be 
proportional  to  the  applied  load. 

After  calibration,  test  runs  were  made  with 
a  heavy  vehicle  moving  across  the  platform  at 
speeds  varying  from  10  to  50  miles  per  hour. 
The  results  showed  variations  ranging  to  over 
30  percent  between  dynamic  and  static  weight. 
This  experiment  indicated  that  it  was  practical 
to  measure  dynamic  loads  through  the  bending 
in  a  simple  beam,  and  opened  the  way  for  a 
more  thorough  investigation  of  the  possibilities 
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of  the   use   of  the   strain   gage   as   a   weight- 
measuring  device  in  this  manner. 

Dynamic  weighing  has  also  been  the  subject 
of  a  thesis  by  a  Mississippi  State  College  stu- 
dent (14),  who  designed  and  built  a  portable 
scale  consisting  of  a  series  of  small,  flat  load 
cells  sandwiched  between  two  17-  by  41-inch 
metal  plates.  Each  load  cell  was  fabricated 
from  a  ^-inch  length  of  2-inch  diameter  steel 
shaft.  Load  was  applied  to  each  cell  through 
a  spherical  segment  cut  from  a  ball  bearing, 
embedded  (flat  side  down)  in  the  top  center 
of  the  cell.  The  load  was  measured  by  a 
strain  gage  attached  to  a  recess  cut  into  the 
bottom  of  the  cell  opposite  the  bearing  point. 
The  scale  was  embedded  in  the  pavement 
along  the  right  wheel  track  of  the  traffic  lane 
and  was  tested  by  running  a  truck  over  it  at 
speeds  of  10,  20,  and  30  miles  per  hour.  The 
output  of  the  scale's  load  cells  was  fed  into  a 
high-speed  recorder  which  indicated  the  results 
on  paper  tape.  Since  the  stylus  deflection  of 
the  recorder  did  not  bear  a  linear  relationship 
to  the  applied  load,  it  was  not  possible  to  ob- 
tain a  good  check  on  the  accuracy  of  this 
experimental  scale.  Low  cost  of  constructing 
the  scale,  portability,  and  particularly  the  fact 
that  no  pit  is  required,  would  seem  to  justify 
further  study  of  a  device  of  this  type. 


European  Dynamic  Scales 

Some  of  the  most  promising  advances  in 
the  field  of  dynamic  weighing  have  taken 
place  in  England  and  Germany.  Here  the 
primary  interest  has  been  in  the  collection  of 
axle-load  data  for  research  and  planning 
purposes. 

The  Road  Research  Laboratory  in  England 
has  recently  built  an  electronic  scale  which  will 
detect  a  moving  axle  load  and  classify  it  into 
one  of  eleven  weight  groups  (15).  The  scale 
employs  a  platform  and  load  cells  similar  to 
those  used  in  the  United  States,  but  the  entire 
unit  is  built  of  lightweight  materials  for  maxi- 
mum portability.  Its  recording  equipment 
consists  of  a  mirror  galvanometer,  11  photo- 
electric cells,  and  the  same  number  of  me- 
chanical registers.  The  output  of  the  scale's 
load  cells  causes  the  galvanometer  to  deflect, 
moving  a  beam  of  light  over  the  bank  of  photo 
cells.  The  photo  cells  are  connected  through  a 
transistor  circuit  to  the  mechanical  registers. 
The  registers  automatically  increase  their 
count  by  one  as  the  light  beam  activates 
successive  photo  cells.  The  upper  limit 
reached  by  the  deflected  beam,  therefore, 
represents  the  weight  group  into  which  the 
axle  load  falls.  The  final  readings  of  the 
registers  represent  the  sum  of  the  number  of 
loads  in  each  weight  group,  and  the  total 
number  of  loads  falling  into  higher  groups. 
The  actual  number  of  loads  in  each  group  is 
obtained  by  subtraction. 

The  major  advantage  of  this  scale  over  most 
of  the  American  models  is  the  possibility  of 
automatic  recording  over  a  longer  period  of 
time.  The  results  can  be  read  directly  with- 
out further  interpretation.  Accuracy  is  rather 
limited,  and  the  percent  of  error  ranged  above 
10  percent  for  this  scale. 

What  is  perhaps  the  most  sophisticated  dy- 
namic scale  in  use  today  was  developed  and 
built  in  1958  by  a  West  German  research 
organization  (15),  which  was  called  upon  to 
design  a  scale  that  would  measure  the  axle 
weights  of  moving  vehicles  in  such  a  way  that: 
(1)  Axles  could  be  weighed  separately,  even  at 
high  speeds;  (2)  axle  loads  could  be  grouped,  as 
with  the  British  scale;  (3)  results  could  be 
read  as  a  total  count  in  each  group;  and  (4) 
continuous  weighing  and  recording  would  be 
possible. 

To  meet  these  criteria,  a  "broken  bridge" 
platform,  as  illustrated  in  figure  4,  was  used 
instead  of  the  monolithic  type  common  to  all 
known  previous  scales.  The  "broken  bridge" 
consists  of  a  steel  platform  split,  at  right 
angles  to  traffic,  into  two  sections  of  equal 
width.  The  outside  edge  of  each  section 
rests,  near  the  corners,  on  a  hinged  support 
similar  to  a  bridge  rocker.  The  contiguous 
edges  are  supported,  through  interlocking 
bearing  plates,  by  two  strain  gage  load  cells. 
The  platform  sections  are  held  in  position  by 
heavy  springs  anchored  to  the  floor  of  the  pit. 
As  a  load  comes  on  the  platform,  the  load  cell 
output  increases  linearly  until  a  maximum  is 
reached  when  the  load  is  directly  over  the  joint 
between  the  two  sections.  As  the  load  moves 
off  the  scale,  the  cell  output  decreases  linearly 
to   zero.     The   dynamic    weight    is    therefore 
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Figure  4. — "Broken  bridge**  scale. 


measured  by  the  maximum  load  cell  output  re- 
corded at  the  center  of  the  platform. 

The  curve  representing  cell  output  (weight) 
is  triangular  in  shape  rather  than  trapezoidal 
as  in  the  case  with  the  monolithic  platform,  as 
shown  in  figure  5.  This  permits  a  more 
accurate  determination  of  the  dynamic  weight, 
as  the  maximum  reading  is  represented  by  a 
sharp  peak  rather  than  by  some  point  on  an 
irregularly  sloping  line.  Another  advantage 
of  the  broken  bridge  platform  is  that  it  does 
not  tend  to  vibrate  as  much  as  the  monolithic 
type  under  either  heavy  or  light  axle  loads. 

The  recording  system  of  the  German  scale 
provides  for  sorting  the  axle  loads  into  six 
groups,  covering  a  weight  range  from  0.3  ton 
to  over  12  tons.  A  finer  division  was  possible 
but  was  not  needed  in  this  particular  applica- 
tion. The  alternating  current,  input  to  the 
load  cells  results  in  the  axle  load  being  repre- 
sented as  an  amplitude-modulated  signal. 
This  signal  is  amplified,  demodulated,  and 
amplified  again.  Load  curves  may  be  re- 
corded at  this  point.  The  signal  is  then  fed 
into  a  sorter  which  places  it  in  the  proper  load 
group  and  records  the  event  through  a  relay- 
act  uated  mechanical  counter.  The  number  of 
loads  in  each  load  group  may  then  be  read  at 
any  time.  Other  electronic  components  in- 
clude optical  recorders  for  each  load  group,  a 
calibration  unit,  and  a  device  which  auto- 
matically corrects  zero  [joint  drift. 

The  maximum  speed  at  which  individual 
axle  weights  can  lie  determined  by  any 
electronic  scale  depends  upon  the  platform 
length,   the   response   time   of   the   equipment, 
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and  I  he  -pacing  of  the  axles.  For  1  he  (  ierman 
scale,  with  a  platform  length  of  4.6  feet  and  a 
counting  frequency  of  25  counts  per  second, 
this  top  -peed  is  about  78  miles  per  hour, 
provided  that  the  axle  spacing  is  greater  than 
4.6  feet.  More  closely  spaced  axles  would 
have  to  lie  weighed  at  much  lower  speeds  if 
separate  weight  recordings  were  desired. 

Tests  have  shown  that  the  dynamic  weights 
obtained  from  the  broken  bridge  scale  are 
generally  within  5  percent  of  the  comparable 
static  weights.  Recognizing  the  importance 
of  reducing  the  impact  factor  (dynamic  weight/ 
static  weight)  to  as  near  unity  as  possible,  the 
German  engineers  stress  the  necessity  of  a 
smooth  approach  to  the  scale  platform. 

The  broken  bridge  scale  described  here  has 
been  in  operation  on  highway  B29  near 
Grumbach  since  1958,  and  similar  installations 
are  planned  for  major  highways  near  Darm- 
stadt and  Dusseldorf. 

Conclusions 

Based  on  a  study  of  the  experiences  of 
others,  discussions  with  highway  and  elec- 
tronic engineers  and  scale  manufacturers,  and 
from  personal  inspection  of  various  dynamic 
weighing  facilities,  the  following  conclusions 
seem  valid: 

1.  A  properly  designed  and  instrumented 
electronic  scale  will  measure  the  actual  load 
applied  to  the  scale  platform  within  certain 
limits  of  accuracy.  To  state  this  more 
specifically: 

Static  loads  may  be  measured  as  accurately 
as  with  conventional  lever  system  scales. 

Individual  dynamic  axle  weights  may  vary 
from  the  corresponding  static  weights  by  a 
large  percentage. 

The  total  gross  weight  of  a  number  of  axles 
passing  over  a  section  of  highway  during  an 
extended  period  of  time  (and  thus  their  average 
weights,  in  weight  groups)  can  be  obtained  by 
dynamic  weighing,  with  accuracy  sufficient  for 
research     and     planning     purposes.      Several 
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agencies  have  reported  average  variations 
between  gross  dynamic  and  static  weights  of 
2  percent  or  less.  Commercially  available 
electronic  scales,  using  strain  gage  load  cells, 
can  perform  this  particular  data-gathering 
function  quite  well,  although  the  recording 
methods  need  to  be  improved. 

2.  In  the  field  of  overload  detection  for  en- 
forcement purposes,  the  performance  of  the 
electronic  scale  has  been  only  fair.  For  this 
purpose,  it  would  be  desirable  to  maintain  the 
maximum  difference  between  dynamic  and 
static  weights  at  5  percent  or  less.  A  method 
of  damping  the  vehicle's  oscillations,  either 
directly  by  providing  a  smooth  approach 
surface,  or  indirectly  through  instrumentation, 
is  needed  to  reduce  the  variance  to  this  limit. 
Results  obtained  in  Germany  with  the  broken 
bridge  scale  seem  to  offer  some  prospect  for 
solution  of  this  problem. 

3.  Major  maintenance  and  operation  prob- 
lems encountered  in  previous  dynamic  scale 
installations  included  the  damaging  effects  of 
moisture  on  load  cells  and  circuitry;  the  diffi- 
culty of  keeping  the  platform  level;  movement 
of  the  platform  upon  impact  of  the  vehicle; 
platform  vibration  under  tandem  axles; 
unsatisfactory  recording  methods;  and  the 
necessity  for  constant  attendance  by  a 
skilled  operator.  Most  of  these  problems 
have  been  attacked  with  varying  degrees  of 
success  by  both  the  scale  manufacturers  and 
the  users.  Specifications  for  a  model  installa- 
tion should  use  the  findings  from  this  previous 
work  and  provide  additional  solutions  where 
needed. 

Future  Research  Planned 

The  University  of  Kentucky  research  team 
has  planned  the  study  of  several  dynamic! 
weighing  devices.  One  of  these  will  be  a 
commercially  available  electronic  scale,  the 
testing  of  which  will  emphasize  the  effects  of 
weather   and    constant   traffic   upon  the   per- 

{Continued  on  p.  210) 
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Concrete  Containing  Fly  Ash  as  a  Replacement 
I         for  Portland  Blast-Furnace  Slag  Cement 


BY  THE  DIVISION  OF  PHYSICAL  RESEARCH 
BUREAU  OF  PUBLIC  ROADS 


This  article  reports  a  study  of  the  tise  of  fly  ash  as  a  replacement  for  part  of 
the  cement  in  concrete  mixes  prepared  tvith  port  land  cement  and  portland  blast- 
furnace slag  cement,  and  tests  of  a  recommended  adjusted  mix  containing  fly 
ash.  The  results  show  that  fly  ash  can  be  used  satisfactorily  as  a  replacement 
for  portland  or  slag  cement,  but  the  properties  of  the  concrete  are  affected  by 
the  carbon  content  of  the  fly  ash.  It  is  indicated  that  the  amount  of  fly  ash 
used  should  be  correlated  with  the  amount  of  lime  released  by  the  portland 
cement. 


Introduction 

A  REPORT  ON  A  STUDY  of  the  use  of 
fly  ash  in  concrete  was  published  in 
Public  Roads  in  1957. 2  That  article  covered 
the  properties  of  concrete  prepared  with  each 
of  four  fly  ashes,  as  replacements  for  either 
one-third  or  one-sixth  of  the  volume  of  the 
portland  cement  used  in  the  mix.  The  fly 
ashes  differed  widely  in  carbon  content. 
Two  type  I  portland  cements  were  used,  one 
having  a  high  alkali  content  and  the  other 
a  low  alkali  content. 

Following  issuance  of  that  report,  several 
questions  were  raised  which  resulted  in  the 
undertaking  of  further  tests. 

One  of  the  questions  was  whether  fly  ash 
could  be  used  as  a  replacement  for  part  of  the 
cement  in  concrete  mixes  prepared  with  port- 
land  blast-furnace  slag  cement.  This  cement 
is  defined  as  an  intimately  interground 
mixture  of  portland  cement  clinker  and 
granulated  blast-furnace  slag.  The  slag  con- 
tent in  the  final  product  is  limited  to  a  range 
of  from  25  to  65  percent  by  weight.3  The 
finely  ground  slag  is  by  itself  only  slightly 
cementitious.  Concern  was  expressed  over 
the  possibility  that  a  further  dilution  of  the 
cement  constituent,  by  replacing  part  of  this 
cement  with  fly  ash,  might  cause  the  concrete 
to  have  unfavorable  strength  characteristics. 
Although  fly  ash  has  a  pozzolanic  reaction 
with  lime  liberated  by  portland  cement 
during  hydration,  there  was  a  question  of 
whether  sufficient  lime  would  be  available  for 
this  reaction. 

In  the  first  part  of  the  investigation  re- 
ported in  this  article,  tests  identified  as  Series 
I    were    made    on    concretes    prepared    with 


1  Presented  at  the  64th  annual  meeting  of  the  American 
Society  for  Testing  Materials,  Atlantic  City,  N.J.,  June 
26-30,  1961. 

2  Use  of  Fly  Ash  in  Concrete,  by  A.  G.  Timms  and  W.  E. 
Grieb;  Public  Roads,  vol.  29,  No.  6,  Feb.  1957,  p.  142. 

3  Definition  of  portland  blast-furnace  slag  cement  in  ASTM 
C  205-58  T. 
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portland  cements  and  with  portland  blast- 
furnace slag  cements  in  which  one-third  of 
the  cement  (by  volume)  was  replaced  by  fly 
ash. 

The  investigation  reported  in  1957  had 
indicated  that  a  direct  replacement  of  either 
one-sixth  or  one-third  of  the  portland  cement 
by  fly  ash  resulted  in  reduced  strength  of  the 
concrete  at  all  ages  through  28  days.  It  was 
also  found  that  replacement  of  one-third  of 
the  cement  by  fly  ash  adversely  affected  the 
resistance  of  concrete  to  attack  by  calcium 
chloride  used  for  ice  removal. 

In  a  discussion  of  that  study,  a  producer  of 
fly  ash  recommended  the  use  of  an  adjusted 
mix  containing  fly  ash,  which  reportedly 
would  furnish  good  early  strength  and  resist- 
ance to  scaling  in  concrete.  In  this  mix,  the 
cement  content  was  reduced  from  6.0  to  5.25 
bags  per  cubic  yard,  the  sand-to-total  aggre- 
gate ratio  was  reduced  by  2  percent,  and  an 
addition  of  100  pounds  (approximately  IJ3 
bags)  of  fly  ash  was  made.  To  determine  the 
effect  of  this  mix  on  the  durability  and 
strength  of  concrete,  tests  identified  in  this 
article  as  Series  II  were  made. 

Conclusions 

These  two  series  of  tests  verify  some  of  the 
conclusions  of  the  previous  report:  mainly, 
that  the  properties  of  the  concrete  are  affected 
by  the  carbon  content  of  the  fly  ash  used  as  a 
replacement  for  part  of  the  cement.  Lower 
strengths  and  durability  were  obtained  with 
concrete  containing  the  high-carbon  fly  ash 
than  when  the  low-carbon  fly  ash  was  used. 

Fly  ash  can  be  used  as  a  replacement  for  a 
part  of  the  portland  blast-furnace  slag  cement 
without  serious  decrease  in  the  strength  or 
durability  of  the  concrete. 

Concrete  prepared  with  low-carbon  fly  ash 
as  a  replacement  for  portland  cement,  in  the 
amounts  recommended  by  the  producers  of 
fly  ash,  has  compressive  and  flexural  strengths 
at  28  days  equal  to  similar  concrete  without 
fly  ash. 
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The  recommended  amount  of  fly  ash,  if  low 
in  carbon  content,  also  produces  concrete 
which  has  resistance  to  scaling,  caused  by  the 
use  of  de-icing  agents,  equal  to  that  of  similar 
concrete  without  fly  ash. 

Tests  for  strength  and  durability  of  concrete 
indicated  that,  for  optimum  effectiveness,  the 
amount  of  fly  ash  used  should  be  correlated 
with  the  amount  of  lime  released  by  the 
portland  cement.  If  sufficient  lime  is  not 
available  to  react  with  all  of  the  fly  ash,  some 
of  the  latter  is  only  an  inert  filler,  and  tends 
to  impair  the  quality  of  the  concrete. 

It  is  suggested  that  the  amount  of  fly  ash 
used  should  be  about  15  percent  by  weight  of 
the  calcium  oxide  content  of  the  cement,  as 
determined  by  chemical  analysis.  This 
amount  may  vary  somewhat  according  to  the 
chemical  composition  of  the  aggregates. 

Ma  teria  Is 

In  this  investigation,  tests  for  compressive 
and  flexural  strength  and  for  durability  were 
made  on  air-entrained  concrete  mixes  pre- 
pared with  two  fly  ashes  and  four  cements. 
The  fly  ashes  were  similar  to  those  used  in  the 
previous  investigation,  but  different  cements 
were  used. 

The  two  fly  ashes  used  were  identified  as 
B  and  Y,  and  corresponded  to  fly  ashes  B  and 
Y  used  in  the  previous  investigation.  Fly 
ash  B  had  a  low-carbon  content  (0.6  percent.) 
and  fly  ash  Y  had  a  high-carbon  content  (11.2 
percent).  ASTM  Specification  C  350-60  T 
limits  the  loss  on  ignition  of  fly  ash  to  12  per- 
cent. (The  loss  on  ignition  is  due  mainly  to 
carbon.)      Both  fly  ashes  met  this  requirement. 

The  cements  used  were  a  type  I  portland 
cement  and  a  type  IS  portland  blast-furnace 
slag  cement,  from  each  of  two  cement  plants. 
At  each  plant,  the  same  clinker  was  used  in 
the  manufacture  of  the  two  types  of  cement. 
These  cements  were  identified  as  cements 
B-I  and  B-IS,  and  E-I  and  E-IS,  and  corre- 
sponded to  the  cements  of  the  same  identifica- 
tion reported  in  a  previous  investigation  of 
portland  blast-furnace  slag  cement  in  con- 
crete.4 The  two  cements  from  source  B  were 
low-alkali  cements  and  those  from  source  E 
were  high  in  alkali.     The  chemical  composi- 
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tion  and  physical  properties  of  these  fly  ashes 
and  cements  are  given  in  table  1. 

The  aggregates  were  similar  to  those  used 
in  the  previous  investigation.  They  were  a 
siliceous  sand  and  a  crushed  limestone.  The 
concretes  for  strength  tests  were  made  with 
1^2-inch  maximum  size  coarse  aggregate,  and 
for  durability  tests  the  maximum  size  was  1 
inch.  A  commercially  available  aqueous 
solution  of  neutralized  Vinsol  resin  was  used 
to  entrain  air. 

Mix  Proportions 

The  mix  data  for  all  concrete  specimens  are 
given  in  table  2.  All  tests  were  made  on  air- 
entrained  concrete.  The  control  mixes  with- 
out fly  ash  were  designed  for  a  cement  content 
of  6.0  bags  of  cement  per  cubic  yard  of  con- 
crete with  a  slump  of  3  inches  and  an  air 
content  of  5  percent. 

In  the  Series  I  tests,  one-third  of  the  cement 
was  replaced  by  fly  ash;  thus  in  the  6-bag 
mix,  2  bags  of  cement  were  replaced  by  an 
equal  solid  volume  of  fly  ash.  Because  of 
the  differences  in  the  specific  gravities  of  the 
materials,  74  pounds  of  fly  ash  B  or  72  pounds 
of  fly  ash  Y  was  equivalent  to  the  solid  volume 
of  a  94-pound  bag  of  cement.  The  weights 
of  the  fine  and  coarse  aggregates  per  cubic 
yard  of  concrete  were  the  same  for  the  mixes 
with  and  without  fly  ash. 

One-third  replacement  of  fly  ash  is  more 
than  would  ordinarily  be  used  in  highway 
construction.  However,  if  this  amount  could 
be  used  without  detrimental  effects,  it  would 
be  obvious  that  lesser  amounts  could  also  be 
used. 

For  the  Series  II  tests,  the  control  mixes 
without  fly  ash  were  the  same  as  those  used 
in  Series  I.     Where  fly  ash  was  used,  the  mix 
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was  adjusted  as  recommended  by  the  pro- 
ducers of  fly  ash.  Three-quarters  of  a  bag  of 
cement  (70.5  pounds)  was  replaced  by  1% 
bags  of  fly  ash  (100  pounds),  and  to  compen- 
sate for  the  greater  volume  of  fly  ash  as 
compared  with  the  volume  of  cement  replaced, 
the  sand  content  was  reduced  by  approxi- 
mately 45  pounds  per  cubic  yard.  The 
weight  of  the  coarse  aggregate  per  cubic  yard 


of  concrete  was  the  same  for  the  mixes  with 
and  without  fly  ash. 

Table  2  shows  that  for  both  Series  I  and  II, 
the  mixes  prepared  with  fly  ash  B  generally 
required  slightly  less  water  than  was  required 
for  the  corresponding  mix  without  fly  ash 
Where  fly  ash  Y  was  used,  slightly  more  water 
was  generally  required  than  for  the  mix  with 
out  fly  ash.     This  was  true  both  for  the  con- 


Table  1.— Chemical  composition  and  physical  properties  of  cements  and  fly  ashes 


Chemical  composition  (percent): 

Silicon  dioxide-.. 

Aluminum  oxide 

Ferric  oxide 

Calcium  oxide 

Magnesium  oxide 

Sulfur  trioxide 

Loss  on  ignition 

Sodium  oxide 

Potassium  oxide 

Total  equivalent  alkalies  as  Na20. 

Insoluble  residue 

Chloroform-soluble 

Carbon 


Computed  compound  (percent): 

Tri calcium  silicate 

Di calcium  silicate 

Tricalcium  aluminate 

Tetracalcium  aluminoferrite.. 
Calcium  sulfate 


Slag  used  in  manufacture  (percent). 

Physical  properties: 

Apparent  specific  gravity 

Specific  surface  (Blaine) cm.2/g. 

Passing  No.  325  sieve percent- 
Autoclave  expansion percent- 
Normal  consistency _ percent- 
Time  of  setting  (Oillmore): 
Initial..- _ -hours- 
Final hours. 

Compressive  strength  (1:2.75  mortar): 

At  7  days -p.s.i- 

At  28  days p.s.i. 

Mortar  air  content --.percent. 


Portland  cements 


B-I 


20.8 

5.1 

3.1 
63.6 

2.8 

1.8 

1.6 
.09 
.15 
.19 
.16 
.003 


3.12 
3, 325 
87.5 
0.06 
23.8 

3.7 
5.6 

2,625 
4,150 
10.4 


E-I 


21.3 

5.6 

3.5 
62.5 

1.7 

2.3 

1.3 
.15 

1.02 
.82 
.20 
.003 


43 

28 


3.14 
3,555 
96.2 
0.04 
26.5 

2.9 
4.8 

3,525 

4,965 

9.4 


Portland  blast- 
furnace slag 
cements 


B-IS 


26.2 

7.8 

2.3 
53.6 

3.6 

2.3 

2.0 
.09 
.20 
.22 
.73 
.006 


3.03 
4, 820 
97.6 
0.00 
27.2 

3.4 

6.2 

2,630 

5,190 

7.4 


E-IS 


26.1 
6.7 
2.4 

55.7 


.2 

.2 

.15 

.91 

.75 

.26 

.008 


35 


3.03 
3,605 
94.9 
0.00 
26.6 

2.8 
6.2 

2,360 

3,900 

9.2 


Fly  ashe 


49.2 
19.9 
16.2 
5.5 
1.4 
2.7 
11.2 
2.00 
2.35 
3.55 


.6 


2.52 
4.305 
95.2 


38.5 

23.5 

18.8 

3.2 

1.0 

.6 

U1.6 

.60 

1.88 

1.84 


11.2 


2.43 

3,220 

89.4 


1  Determination  made  at  600°  C. 
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Table  2. 

— Concrete  mix  da 

ta 

Cement 

Fly  ash 

Mixes  for  strength  tests  ' 

Mives  for  durability  tests  ' 

Identification 

Amount 

Identifica- 
tion 

Amount 
used 

Water 
used 

Slump 

Weight  of 
plastic 
concrete 

Air  con- 
tent 

A.E.A. 
used  2 

Water           Slump 
used 

Weight  of 

plastic 
concrete 

Air  eon- 
tent 

A.E.A. 
used  ■ 

Source        Type 

SERIES  I 

B 

B 
E 
E 

I 
IS 
I 
IS 

Rags/en.  i/d. 
[      6.0 
\       4.0 
I      4.0 

|       6.0 
{       4.0 
I      4.0 

|       6. 0 
\       4.0 
I      4.0 

f      6.0 
\       4.0 
I      4.0 

None 

B 

Y 

Lh./cu.  yd. 
None 

148 
144 

None 
148 
144 

None 

148 
144 

None 
148 
144 

Gal./cu.  yd. 
31.2 
31.0 
31.5 

31.9 
29.8 
31.5 

31.5 
31.3 
32.1 

31.6 
30.4 
31.7 

In. 
3.1 
3.3 
3.0 

2.9 

2.9 
2.  7 

2.9 
2.9 
3.0 

2.8 
3.3 
3.0 

Lb. Icu.  p. 
146.8 
146.  2 
145.4 

147.2 
146.8 
145.1 

147.4 
147.5 
145.9 

146.4 
146.6 
146.7 

Pet. 

4.6 
4.7 
5.2 

4.8 
4.2 
4.8 

5.4 

4.7 
5.1 

5.1 

4.6 
4.2 

Pet. 
100 
202 
617 

100 
104 
239 

100 
138 
447 

100 
169 
434 

Gal./cu.  yd. 
34.4 
31.3 
35.8 

35.3 
35.  2 
34.1 

34.5 
32.7 
35.9 

35.0 
33.0 
36.6 

In. 
2.4 
2.0 
2.9 

2.9 
2.7 
2.6 

2.6 
2.5 
2.6 

2.8 
3.2 
3.2 

Lb. Icu.  ft. 

145.5 
144.9 
144.7 

1  15  5 
143.5 
140.2 

145.5 

145.5 
144.7 

143.5 
142.7 
142.7 

Pet. 

4.9 
5.8 

4.2 

4.2 
5.9 
6.7 

.-,.1 
5.2 
4.9 

5.8 
5.5 
4.5 

Pet. 
100 
171 
500 

100 
129 
321 

100 
157 
429 

100 
143 
386 

None 

B 

Y_.._ 

None. 

B.___ 

Y 

None 

B 

Y 

SERIES  II 

B 
B 
E 
E 

I 
IS 

I 

IS 

I       6.0 
I       5. 25 
I      5. 25 

(      6.0 
{       5.25 
1      5. 25 

[       6.0 
\       5.25 
I      5.25 

(      6.0 
\       5.25 
I      5.25 

None 

B 

Y 

None 

B 

None 
100 
100 

None 
100 
100 

None 
100 
100 

None 
100 
100 

31.2 
31.3 
31.8 

31.5 
30.6 
32.1 

3.1 
3.2 
3.2 

2.9 

2.8 
3.0 

146.8 
147.2 
146.1 

147.4 

i  it;  h 

146.7 

4.6 
4.5 
4.9 

5.4 
5.1 
4.9 

100 
183 
488 

100 
173 
334 

34.4 
32.8 
35.5 

35. 3 

34.2 
36.  2 

34.  5 
34.8 
36.4 

35.  0 
35.2 
37.1 

2.4 

2.  2 
->'  4 

2.9 
2.0 
2.5 

2  6 

3.1 

2,  S 
3.1 
3.0 

145.5 

1  li.  '.I 
145.  1 

145.5 
146.3 
145.7 

145.  5 
145.5 
144.5 

143.5 
143.3 
144.1 

4.9 
5.0 
4.2 

4.2 

4.2 
4.2 

5.1 
4.4 
4.5 

5.8 
5.5 
4.4 

100 
143 
357 

100 
107 
214 

100 
129 
286 

100 
129 
314 

Y._ 

None 

B 

Y. _ 

None 

B. 

Y 

1  Proportions  for  mixes  without  fly  ash  were  94-170-350. 

2  Relative  amount  of  air-entraining  admixture  used;  amount  in  concrete  without  fly  ash  considered  as  100  percent. 


cretes  prepared  with  the  portland  cements  and 
those  prepared  with  the  portland  blast- 
furnace slag  cements. 

The  amount  of  air-entraining  admixture 
required  to  obtain  air  contents  of  4  to  7 
percent  was  greater  for  all  mixes  containing 
fly  ash  replacement  than  for  the  corresponding 
mixes  without  fly  ash.  Where  fly  ash  B  was 
used,  from  4  to  102  percent  more  air-entraining 
admixture  was  needed;  and  for  fly  ash  Y  the 
increase  was  from  139  to  517  percent.  The 
relative  amounts  varied  according  to  the  type 
and  source  of  the  cement,  the  size  of  the  coarse 
aggregate,  and  the  carbon  content  of  the  fly 
ash.  For  the  mixes  without  fly  ash,  more  air- 
entraining  agent  was  required  for  the  con- 
cretes prepared  with  the  slag  cement  than  for 
those  prepared  with  the  portland  cement. 

Mixing,  Fabricating,  and  Curing 
of  Specimens 

All  mixing  was  done  in  an  open-pan-type 
mixer  in  accordance  with  usual  laboratory 
procedures.  The  fly  ash  was  added  to  the 
mix  with  the  cement.  All  tests  on  the  plastic 
and  hardened  concretes  were  made  in  accord- 
ance with  the  applicable  ASTM  method. 
The  specimens  prepared  for  strength  tests 
were  6-  by  12-inch  cylinders  and  6-  by  6-  by 
21-inch  beams,  which  were  tested  at  ages  of  7, 
28,  and  365  days.  All  specimens  were  stored 
in  moist  air  until  tested. 

Freezing  and  thawing  tests  were  made  on  3- 
by  4-  by  16-inch  beams  in  accordance  with  the 
ASTM  Method  C  292  for  slow  freezing  and 
thawing  in  water.     Freezing  and  thawing  was 
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continued  for  250  cycles  or  until  the  specimens 
showed  an  average  loss  in  N2  of  40  percent. 

Outdoor  exposure  tests  were  made  on  16- 
by  24-  by  4-inch  slabs.  A  dam  was  cast 
around  the  top  perimeter  of  each  specimen 
and,  when  freezing  and  thawing  was  expected, 
the  top  surface  was  covered  with  }i  to  y%  inch 
of  water.  Each  morning  after  the  water  had 
frozen,  flake  calcium  chloride  was  spread  over 
the  ice  at  a  rate  of  2.4  pounds  per  square  yard 
of  surface.  After  the  ice  had  melted,  the 
calcium  chloride  solution  was  washed  off  and 
fresh  water  was  left  on  the  surface  of  each  slab. 
The  slabs  were  examined  periodically  and 
rated  for  amount  and  depth  of  scaling  of  the 
exposed  surface.  They  were  subjected  to  a 
total  of  40  applications  of  calcium  chloride. 

Strength  Tests 

The  results  of  the  compressive  and  flexural 
strength  tests  on  concrete  with  and  without 
fly  ash  replacement  are  given  in  table  3. 
This  table  also  gives  the  compressive  strength 
ratio  of  the  concrete  prepared  with  fly  ash, 
expressed  as  a  percentage  of  the  strength 
of  the  corresponding  concrete  without  fly 
ash.  This  was  referred  to  in  the  previous 
report  as  relative  strength. 

Average  values  for  the  compressive  strength 
ratios  of  the  concrete  for  Series  I  at  various 
ages  are  shown  in  the  left  half  of  figure  1. 
A  direct  comparison  is  shown  between  the 
concretes  prepared  with  fly  ash  and  the  port- 
land  cement  and  the  slag  cement  from  the 
same  source.  The  upper  diagrams  show 
the  compressive  strength  ratios  of  the  con- 


cretes prepared  with  the  two  types  of  cement 
from  source  B  and  containing  the  two  fly 
ashes  as  replacements  for  one-third  of  the 
cement.  These  diagrams  show  that  at  7 
and  28  days  the  strength  ratios  of  the  slag 
cement  concretes  were  slightly  higher  than 
the  ^strength  ratios  of  the  corresponding 
portland  cement  concretes,  regardless  of 
whether  fly  ash  B  or  fly  ash  Y  was  used  as 
a  replacement.  At  an  age  of  1  year,  the 
strength  ratios  of  the  portland  cement  con- 
cretes were  higher  than  the  strength  ratios 
of  the  slag  cement  concretes  for  both  fly 
ashes  B  and  Y.  Values  given  in  table  3 
show  that  at  28  days  and  at  1  year,  the  actual 
compressive  strengths  of  the  concretes  pre- 
pared with  the  slag  cement  from  source  B, 
with  and  without  fly  ash,  were  higher  than  the 
actual  strengths  of  the  corresponding  concretes 
prepared  with  portland  cement. 

The  lower  diagrams  in  the  left  half  of 
figure  1  show  the  compressive  strength  ratios 
of  the  concretes  prepared  with  the  two  types 
of  cement  from  source  E,  with  the  two  fly 
ashes  as  replacements  for  one-third  of  the 
cement.  At  all  ages  the  strength  ratios  of  the 
concretes  prepared  with  the  portland  cement 
were  greater  than  the  strength  ratios  of  the 
slag  cement  concretes.  At  7  and  28  days 
there  was  little  difference  between  the  strength 
ratios  of  the  concrete  prepared  with  the  two 
types  of  cement,  but  at  1  year  the  difference 
between  them  was  pronounced.  Table  3 
shows  that  the  actual  compressive  strengths  at 
all  ages  were  lower  for  the  concrete  prepared 
with  the  slag  cement  from  source  E  than  for 
the  corresponding  portland  cement  concrete. 
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Table  3. — Results  ol 

strength 

tests  ' 

(  Vuient 

Fly  ash                         Flexural  strength 

Compressive  strength 

Strength  ratio  2 

Identification 

i  Amount 

Identi- 
fication 

Amount 

7  days 

28  days 

1  year 

7  days 

28  days 

1  year 

Flexural  strength 

Compressive  strength 

Sourer 

Type 

7  days 

28  days 

1  year 

7  days 

28  days 

1  year 

SERIES  I 

B 
B 

E 
E 

I 
IS 

I 

IS 

Bag/cu. 

yd. 

f     6. 0 
{     4.(1 
|     4.0 

|     6.0 
{     4.0 
(     4.0 

1     6.0 
>     4.0 
1     4.0 

|     6.0 
{     4.0 
1     4.0 

None 

B 

Y 

None 

B 

Y 

None 

B 

Y 

None 

B 

Y 

Lb. Icu. 
lid. 

1  18 

144 

148 

144 

148 

144 

148 
144 

P.s.i. 
585 

420 
325 

525 
410 
345 

685 
555 
420 

495 
370 
.'90 

P.s.i. 

755 
630 

550 

750 
695 
615 

780 
780 
640 

720 
740 
490 

P.s.i. 
800 
980 
920 

935 
920 
900 

790 
975 

950 

935 
920 
895 

P.s.i. 

3,580 
2. 240 
1,730 

3,  360 
2,160 
1,660 

4.340 
3.21(1 
2,380 

2,  680 
1.930 
1,390 

P.s.i'. 
5.340 
4,050 
3.190 

6,180 

4,  950 
3,850 

5.  410 
4,980 
3,  950 

4,460 
3,750 
2,980 

P.s.i. 

6.  900 
7.2SII 
6,040 

8,250 
7.590 
6,990 

6,650 
7,550 
6,  290 

6,450 
5.  670 
4,950 

Pet. 

100 

72 

56 

100 
78 
66 

100 
81 
61 

100 
75 
59 

Pel. 
100 
83 
73 

100 
93 
82 

100 
100 

82 

100 
103 
68 

Pet. 

10(1 
122 
115 

100 
98 
96 

100 
123 

120 

100 
98 
96 

Pet. 
100 
63 

48 

100 
64 
49 

100 
74 
55 

100 
72 
52 

Pet. 
100 

76 
60 

100 
80 
62 

100 
92 
73 

100 
84 
67 

Pet. 
100 
106 

88 

100 
92 
85 

100 
114 

95 

100 
88 
77 

SERIES  II 

B 
E 

I 
I 

|     6.0 

1     5. 25 

|    6. 0 
{     5. 25 
1     5. 25 

None 

B 

Y 

None 

B 

Y 

100 

ioo 

100 

111(1 

585 
515 
491) 

685 
630 

590 

755 
7.50 
705 

780 
780 
685 

800 
985 
955 

790 

895 
775 

3,580 
3.  350 
2,890 

4.340 
3,890 
3,530 

5.340 
5,280 
4,680 

5.  410 
5,430 
4,  920 

6,900 
8,550 
7,680 

6.650 

7,  740 
7.190 

100 
88 
84 

100 
92 
86 

100 
99 
93 

100 
100 
88 

100 
123 
119 

100 

113 

98 

100 
94 
81 

100 
90 
81 

100 
99 
88 

100 
100 
91 

100 
124 
111 

100 
116 
108 

'  Each  value  is  average  of  three  tests. 

2  Based  on  strength  of  concrete  without  fly  ash  (relative  strength  in  previous  report). 
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FLEXURAL     STRENGTH 
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Figure  2. — Effect  of  adjusted  fly  ash  mix  on  strength  of  concrete. 


The  compressive  strength  ratios  of  the 
concrete  prepared  with  the  slag  cemenl  and 
containing  one-third  fly  ash  replacement 
were  lower  than  100  percent.  In  the  four 
combinations  of  cemenl  and  fly  ash.  these 
ratios  increased  as  the  age  of  the  concrete 
increased.  It,  appears  unlikely,  however, 
that  these  strengths  of  fly  ash  concrete 
would  eventually  equal  the  strengths  of  the 
corresponding     concrete     without      fly     ash. 
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Conversely,  at  1  year  the  compressive 
strengths  of  the  concretes  containing  port- 
land  cement  and  fly  ash  B  had  exceeded  the 
strengths  of  the  corresponding  concretes 
without  fly  ash. 

The  flexural  strength  ratios  of  the  con- 
cretes for  Series  I  are  shown  in  the  right  half 
of  figure  1.  The  upper  diagrams  show  the 
flexural  strength  ratios  of  the  concretes 
prepared  with  the  two  fly  ashes  as  replace- 


ments for  one-third  of  the  two  types  of  cement 
from  source  B,  and  the  lower  diagrams  show 
the  flexural  strength  ratios  for  concretes 
prepared  with  cements  from  source  E. 

The  same  trends  are  shown  for  flexural 
strengths  as  were  shown  for  compressive 
strengths:  That  is,  the  strength  ratios  of  the 
concretes  prepared  with  the  slag  cement,  from 
source  B  were  higher  at  7  and  28  days  and 
lower  at   1   year  than   the  strength  ratios   of 
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Figure  3. — Effect  of  replacement  of  port  land  or  port  land  blast-furnace  slag  cement 
by  fly  ash  on  durability  of  concrete. 


corresponding  concretes  prepared  with  the 
Portland  cement.  The  strength  ratios  of  the 
concretes  prepared  with  the  slag  cement  from 
source  E  were  lower  at  all  ages,  except  the 
28-day  test  of  concrete  containing  fly  ash  B. 
Table  3  shows  that  at  1  year  the  actual  flexural 
strengths  of  the  slag  cement  concretes  with 
one-third  fly  ash  were  higher  than  the  actual 
strengths  of  the  concretes  prepared  with 
Portland  cement  without  fly  ash. 


Strength  tests  using  the  adjusted  mix 
recommended  by  the  producer  of  fly  ash  were 
made  only  with  the  type  I  portland  cement. 
The  results  of  these  tests  and  the  strength 
ratios  of  this  concrete  arc  given  in  table  3  as 
Series  II  and  are  shown  in  figure  2.  This 
figure  also  shows  a  comparison  between  the 
strength  ratios  of  the  concretes  for  Series  II 
and  similar  concretes  for  Series  I. 

In  these  tests,  the  effect  on  the  strength  of 


the  concrete  of  both  the  source  of  the  cement 
and  of  the  fly  ash  is  quite  marked.  As  shown 
in  the  left  half  of  figure  2,  compressive 
strength  ratios  were  higher  at  all  ages  for  the 
adjusted  mix  of  5.25  bags  of  cement  per 
cubic  yard  than  for  the  mix  with  a  cement 
content  of  4.0  bags. 

As  shown  in  the  right  half  of  figure  2,  flex- 
ural strength  ratios  at  7  and  28  days  were 
equal  or  higher  for  the  adjusted  mix,  in  all 
cases.  At  1  year  the  adjusted  mix  for  the 
concretes  prepared  with  cement  B  with  both 
fly  ashes  had  higher  strengths,  but  when 
cement  E  was  used  the  strengths  were  lower. 

The  results  of  these  tests  support  the  claim 
of  the  fly  ash  producer  that  the  adjusted  mix 
will  give  good  concrete  strengths  at  early  ages. 
The  average  compressive  strength  ratio  of  the 
adjusted  mixes  prepared  with  fly  ash  B  at 
28  days  was  100  percent,  and  for  fly  ash  Y  it 
was  approximately  90  percent.  Likewise,  the 
flexural  strength  ratios  averaged  100  percent 
for  fly  ash  B  and  90  percent  for  fly  ash  Y. 

Laboratory  Freezing  and  Thawing 
Tests 

Freezing  and  thawing  tests  were  made  in 
accordance  with  ASTM  Method  C  292  for 
resistance  of  concrete  specimens  to  slow 
freezing  and  thawing  in  water.  Tests  were 
made  using  all  four  cements  and  both  percent- 
age replacements  of  the  two  fly  ashes.  The 
results  of  these  tests  are  given  in  table  4. 
This  table  gives  the  loss  in  N2  at  50,  100,  150, 
200,  and  250  cycles,  and  the  durability  factor, 
calculated  on  the  basis  of  250  cycles  or  a 
maximum  loss  in  N2  of  40  percent.  In  addi- 
tion, the  relative  durability  of  the  concrete  is 
given.     This  is  expressed  as  the  ratio  of  the 


Table  4. — Results  of  laboratory  freezing  and  thawing  tests 


Cement 

Fly  ash 

Loss  in  N2  at  cycles  shown  2 

l  lurability 
factoi 

Relative 
durability  3 

Source 

Type 

Amount 

Identifi- 
cation 

Amount 

50 

100 

150 

200 

251) 

SERIES  I 

B 

I 

IS 

Baa/en.  yd. 
I      6.0 
\      4.0 
I      4.0 

(      6.0 
1.0 

I       4.0 

|       6.0 
i       4.0 
[       4.0 

|       6.0 
\       4.0 
I       4.0 

Lb./cii.  yd. 

Pet. 
1 

I) 

1 

I) 
0 
5 

0 
1) 
0 

0 
0 
0 

Pet. 

11 

6 

Pet. 

38 
31 

Pel. 
(159) 

(174) 
(195) 

(195) 
32 

Pet. 

38 
42 
47 

17 
52 
35 

80 
89 

40 

48 
43 
20 

Pet. 

Hill 
111 
124 

1110 
111 
74 

too 

111 
50 

100 

90 
42 

B 

148 

144 

B 

Y 

14                      ''* 

0 
0 
18 

0 
0 

11 

II 
0 

(85) 

28 

(145) 

3 
(I 
33 

9 

21 

B._ _ 

148 

144 

(215) 

E 

I 

IS 

Y 

11 

5 

(166) 

411 
(178) 

20 
11 

B 

148 
144 

E 

Y 

(200) 

B 

148 
144 

Y 

SERIES  II 

B 

B 

E 

E 

I 

IS 

|       0.0 
-       5. 25 
1       5.25 

|      6. 0 
5.  25 
|       5. 25 

(       6.0 
\       5.25 
I       5. 25 

1       6.0 
\       5.25 
(      5.25 

None - 

B 

100 
100 

100 
100 

100 

100 

Mill 
100 

1 

0 

0 

0 

0 
0 

0 

0 
0 

0 
0 
0 

11 
6 
18 

0 

II 

32 

0 

II 
1 

0 
0 

22 

3h 
35 
35 

28 

16 

(108) 

3 

I 
12 

9 

5 
(130 

(159) 
(166) 
(166) 

(195) 

40 

11 
23 
38 

40 
17 

(200) 

20 
28 

(205) 

(200) 
30 

38 
40 

111 

47 
18 
26 

80 

72 
40 

48 

711 
31 

100 
105 
105 

100 
102 
55 

100 
90 

(il 

100 

III. 

05 

Y 

None 

B 

Y     

I 

None 

B -- 

IS 

Y  

None 

B 

Y  

1  Each  value  is  average  of  three  tests. 

2  Figures  in  parentheses  indicate  number  of  cycles  at  which  a  loss  of  40  percent  was  reached, 
s  Based  on  durability  of  concrete  without  fly  ash. 
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Table  5. — Results  of  outdoor  scaling  test 


Cement 

Fly  ash 

Air 

Rating  '  after— 

Source 

Type 

Amount 

Identifi- 
cation 

Amount 

15  cycles 

40  cycles 

B 

I 

Bngs/cu.  i/d. 
1       6. 0 
{       5.25 
1       5.25 

(      6.0 
{       5.25 
[       5.25 

None 

B._ 

Lb. Icu.  yd. 
None 
100 
100 

None 
100 
100 

Pet. 
5.3 
4.5 
4.5 

4.8 
6.2 
5.3 

2^ 
3 

m 

2 
2 
5 

7 

4 
3 
7H 

E 

I 

Y  - 

None 

B... 

Y 

i  Rating  after  freezing  and  thawing  with  calcium  chloride  for  indicated  number  of  cycles.    A  rating 
of  zero  represents  no  sealing;  a  rating  of  10  represents  deep  scaling  over  entire  surface. 


durability  factor  of  the  concrete  with  fly  ash 
replacement  to  that  of  the  corresponding 
concrete  without  fly  ash. 

The  relative  durability  factors  are  shown  in 
figure  3.  When  fly  ash  B  was  used  as  a  replace- 
ment, the  relative  durability  in  all  cases  was  90 
percent  or  more  and  in  six  of  eight  cases  it  was 
over  100  percent.  With  this  fly  ash  and  a  ce- 
ment content  of  4.0  or  5.25  bags,  more  durable 
concrete  was  usually  obtained  than  with  a 
6.0-bag,  air-entraining  concrete  not  containing 
fly  ash.  When  fly  ash  Y  was  used,  durable 
concrete  was  obtained  only  with  portland 
cement  from  source  B.  With  this  high- 
carbon  fly  ash,  the  concretes  prepared  with 


slag  cement  from  source  B  and  both  cements 
from  source  E  showed  poor  durability. 

When  all  mixes  containing  fly  ash  were 
considered,  it  was  found  that  those  prepared 
with  portland  cement  had  a  somewhat  greater 
relative  durability  (95  percent  average)  than 
those  prepared  with  slag  cement  (86  percent). 
Comparisons  between  the  fly  ash  concretes  of 
Series  I  (4.0  bags  of  cement)  and  those  of 
Series  II  (5.25  bags  of  cement)  showed  both 
to  have  very  nearly  the  same  relative  durability. 
However,  the  slag  cements  of  Series  I  had  a 
lower  durability  factor  (79  percent)  than  those 
of  Series  II  (92  percent). 

These  tests  indicate   that   satisfactory   du- 


rability was   obtained  for  concrete  when  flyft 
ash  B   (low-carbon  fly  ash)   was  used.     This! 
applied  to  all  sources  and  types  of  cement  used.M 
The  tests  also  indicated  that  poor  durability  |fc 
was  usually  obtained  for  concrete  when  flyj 
ash  Y  (high-carbon  fly  ash)  was  used.     Onlyl 
the    concrete    prepared    with    the    portland  T 
cement  from  source  B  gave  satisfactory  dur- 
ability with  this  fly  ash. 

Outdoor  Scaling  Tests 

Table  5  shows  the  results  of  the  periodic 
examinations  of  the  slabs  which  were  exposed 
to  cycles  of  outdoor  freezing  and  subsequent 
thawing  with  calcium  chloride.  Tests  were 
made  on  concretes  prepared  with  the  portland 
cements  only,  and  when  fly  ash  was  used  as 
a  replacement  of  cement,  the  amount  was  that 
recommended  by  the  producer.  The  speci- 
mens were  rated  according  to  the  amount  and 
depth  of  scaling.  A  rating  of  zero  indicated 
no  scaling  and  a  rating  of  10  indicated  deep 
scaling  over  the  entire  surface  of  the  specimen. 

These  tests  showed  that  at  40  cycles  the 
concretes  which  contained  fly  ash  B  had 
resistance  to  scaling  equal  to  or  slightly 
better  than  similar  concrete  without  fly  ash. 
Where  fly  ash  Y  was  used,  however,  the  resist- 
ance was  poorer  than  that  of  the  concrete 
without  fly  ash. 


formance  of  the  scale  and  the  effect  of  pre- 
loading on  platform  vibrations.  Also  planned 
is  the  design,  installation,  and  testing  of  at 
least  two  types  of  experimental  scales— prob- 
ably the  previously  described  "broken  bridge," 
and  a  triangular  concrete  platform  supported 
by  two  load  cells  and  a  hinge.  Continued 
research  is  also  planned  in  the  development  of 
a  beam-supported  electronic  scale,  which 
utilizes  the  strain  produced  by  bending  as  the 
weight  sensor;  this  will  probably  use  two 
rectangular  aluminum  beams  as  the  support- 
ing elements.  Corollary  to  all  of  this  work  is 
further  research  into  the  problem  of  a  de- 
pendable waterproofing  system  for  the  SR-4 
strain  gage. 
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Dynamic  Weighing  of  Vehicles 

(Continued  from  p.  $04) 

All  of  the  test  installations  will  be  made  in 
the  exit  ramp  to  the  north  loadometer  site 
on  Interstate  Route  64,  about  50  miles  west  of 
Lexington,  Ky.  Two  concrete  pits  of  the 
proper  size,  one  to  receive  the  commercial 
scale  and  the  other  for  the  experimental 
scales,  will  be  built  in  the  right-hand  lane 
of  the  24-foot  wide  ramp  pavement.  Provi- 
sions have  been  made  for  a  smooth,  level 
approach  to  the  test  area.  The  testing  pro- 
gram will  include  axle-load  data  collection, 
overload  detection,  and  diversion  of  overload 
vehicles  for  static  weighing. 

The  Michigan  State  Highway  Department 
is  undertaking  a  cooperative  project  with  the 
Bureau  of  Public  Roads,  to  investigate  the 
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Changes  in  Asphalt  Viscosities  During 
Thin-Film  Oven  and  Microfilm  Durability  Tests 


BY  THE  DIVISION  OF  PHYSICAL  RESEARCH 
BUREAU  OF  PUBLIC  ROADS 


Reported  '  by  WOODROW  J.  HALSTEAD,  Head, 

Bituminous  Materials  and  Chemical  Section, 

and  JOSEPH  A.  ZENEWITZ,  Research  Chemist 


This  article  presents  the  results  of  a  special  study  to  compare  the  changes  in 
viscosity  and  other  properties  of  asphalt  occurring  during  two  accelerated  aging 
tests.  Data  presented  include  results  of  the  thin-film,  oven  test  and  the  micro- 
film durability  test  on  a  selected  group  of  11  asphalts  of  85-100  penetration 
grade.  These  asphalts  were  refined  by  a  variety  of  methods  from  crude  petroleu  m 
obtained  from  various  sources.  Also  included  is  some  background  information 
on  the  development  of  the  thin-film  and  microfilm  tests. 

Viscosity  measurements  for  the  85-100  asphalts  and  their  test  residues  made 
at  several  temperatures  shotted  significant  differences  in  temperature  suscepti- 
bility and  degree  of  complex  flotv.  Ttvo  types  of  behavior  tvere  noted:  (a)  The 
hardening  in  the  microfilm  test  teas  greater  than  the  hardening  in  the  thin- 
film  lest  for  the  majority  of  the  asphalts.  This  difference  teas  not  considered 
significant  for  values  of  aging  index  of  approximately  2  or  lotter  but  the  differ- 
ence increased  rapidly  as  the  hardening  increased,  (h)  The  hardening  occurring 
during  the  two  tests  was  essentially  equal  at  all  levels  of  resistance  for  the  other 
asphalts. 

This  study  also  illustrated  the  value  of  the  sliding  plate  microviscometer  for 
obtaining  detailed  rheological  information  on  asphalt  in  research  investigations 
but  revealed  limitations  of  the  instrument  that  are  a  deterrent  to  its  use  for 
control  purposes.  The  tlifferences  in  asphalt  behavior  and  the  changes  in  rela- 
tive rheological  characteristics  at  different  temperatures  or  values  of  stress 
emphasise  the  need  for  specification  control  of  asphalt  consistency  at  more 
than  one  temperature. 

Further  research  is  required  to  establish  firmly  the  significance  of  some  of 
the  trends  observed  in  this  study.  The  Bureau  of  Public  Roads  has  initiated 
further  research  with  the  same  group  of  asphalts  in  an  attempt  to  relate  their 
properties  to  the  behavior  of  the  laboratory  mixtures. 


Introduction 

AN  ACCELERATED  LABORATORY 
-  weathering  test  that  would  properly  meas- 
ure the  potential  durability  of  the  asphaltic 
binder  in  a  bituminous  pavement  has  long  been 
the  goal  of  asphalt  technologists.  At  present, 
two  tests  are  being  used  that  are  believed  to 
approach  this  goal:  the  thin-film  oven  test 
developed  in  1940  by  the  Bureau  of  Public 
Roads,  and  the  microfilm  durability  test 
developed  in  1955  by  the  Shell  Development 
Company. 

In  the  development  of  the  thin-film  test, 
major  emphasis  was  placed  on  the  tempera- 
ture conditions  existing  at  the  mixing  plant; 
in  the  development  of  the  microfilm  test,  an 
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attempt  was  made  to  approach  the  conditions 
existing  in  the  pavement  during  service. 
Obviously,  neither  test  duplicates  field  or 
construction  conditions  exactly;  consequently, 
there  has  been  considerable  discussion  among 
asphalt  technologists  as  to  the  relative  sig- 
nificance of  the  results  obtained  by  each  test. 
The  Bureau  of  Public  Roads  conducted  a 
study  in  an  attempt  to  pinpoint  the  signifi- 
cant differences  in  degree  and  type  of  harden- 
ing occurring  in  both  types  of  tests.  This 
article  sets  forth  some  of  the  findings  from 
tests  made  during  this  study. 

Development  of  the  sliding  plate  micro- 
viscometer provided  a  means  not  only  for 
comparing  the  results  of  the  two  tests  on  the 
same  basis  but  also  made  it  possible  to 
obtain  data  on  the  more  complex  rheological 
properties  of  t  he  original  asphalts  and  residues. 
However,  limitations  of  the  microviscometer 


encountered  during  this  study  indicate  that, 
while  useful  for  research  purposes,  adoption 
of  this  instrument  for  control  tests  appears 
in  he  undesirable  at  this  time. 

Summary  of  Findings 

This  study  was  not  conclusive  in  all  its 
aspects  and  further  research  will  be  required 
to  establish  firmly  the  significance  of  some  of 
the  I  rends  noted.  Observations  of  principal 
interest  in  the  study  are  summarized  in  the 
following  paragraphs. 

Information  obtained  from  several  experi- 
mental projects  indicated  a  general  correlation 
between  the  results  of  the  thin-film  and  micro- 
film tests  for  most  of  the  asphalts  tested. 
However,  detailed  studies  of  a  group  of 
aspnalts  derived  from  crude  petroleum  ob- 
tained from  various  sources  and  of  different 
methods  of  refining  revealed  two  types  of 
behavior. 

For  most  of  the  asphalts  tested,  the  harden- 
ing in  the  microfilm  test  generally  was  greater 
than  that  occurring  in  the  thin-film  test;  how- 
ever, the  differences  shown  by  these  two  tests 
varied  according  to  the  level  of  hardening. 
For  values  of  aging  index  of  approximately  2 
or  lower,  the  difference  was  not  considered 
significant;  but,  as  the  hardening  increased, 
the  hardening  in  the  microfilm  test  became 
increasingly  greater  than  that  obtained  in  the 
thin-film  test. 

On  the  other  hand,  some  asphalts  showed 
approximately  equal  hardening  in  the  two  tests 
at  all  levels  of  aging  index.  However,  studies 
of  the  viscosity-temperature  relationships  indi- 
cated that  the  rheological  properties  of  the 
two  residues  may  differ  significantly.  The 
significance  of  these  differences  with  respect 
to  the  behavior  of  the  asphalt  as  a  road 
binder  has  not  been  determined  and  addi- 
tional studies  are  being  conducted. 

Data  obtained  with  the  microviscometer 
indicated  large  differences  in  the  degree  of 
complex  flow  for  various  asphalts  and  that  the 
flow  characteristics  of  a  given  asphalt  may 
change  rapidly  with  temperature  changes. 
Although  the  relation  of  these  changes  to  the 
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behavior  of  pavement  mixtures  made  with 
asphalt  has  not  boon  established  as  yet,  it  is 
believed  that  some  coefficient  of  complex  flow 
will  provide  a  very  useful  parameter  of  be- 
havior. Such  a  coefficient  is  represented  by 
the  slope  of  the  line  obtained  by  plotting  the 
logarithm  of  the  shearing  stress  against  the 
logarithm  of  the  rate  of  shear. 

The  high  degree  of  complexity  of  asphalt 
flow  in  the  range  of  temperatures  most  often 
encountered  in  the  pavement,  indicates  that 
the  control  of  consistency  at  only  one  tempera- 
ture is  inadequate  for  specification  purposes. 
Tests  at  two  or  more  temperatures  appear  to 
be  desirable. 

The  change  shown  in  degree  of  complex  flow 
with  temperature  changes,  as  well  as  differ- 
ences in  viscosity-temperature  susceptibility 
noted,  indicated  that  the  substitution  of  abso- 
lute viscosity  at  a  single  temperature  for 
control  by  penetration  values  may  be  of  more 
limited  advantage  than  first  believed.  To 
obtain  more  information  on  this  subject, 
further  studies  should  be  conducted  over  a 
wider  range  of  temperatures  than  that  em- 
ployed in  this  study.  For  such  studies,  instru- 
ments other  than  the  sliding  plate  microvis- 
cometer  will  be  required. 

Description  of  Tests 

The  term  thin-film  test  first  was  applied  to 
the  %-inch  film  test  used  to  denote  a  compar- 
ison with  the  standard  volatilization  test. 
Admittedly,  this  is  not  a  thin  film  in  the  sense 
of  the  asphaltic  films  in  a  pavement  mixture. 
However,  because  alternative  suggestions  for 
a  title  are  unwieldy,  thin-film  oven  test  gen- 
erally is  used  to  designate  the  J^-inch  test. 
The  test  developed  by  the  Shell  Development 
Company  is  referred  to  either  as  the  micro- 
film durability  test  or  the  aging  index  test. 
For  convenience  and  brevity  the  terms  thin- 
film  test  and  microfilm  test  are  used  in  this 
article. 

Thin-film  test. — The  thin-film  test  is  based 
on  the  changes  that  occur  in  an  asphalt  wrhen 
a  50-milliliter  sample  in  a  %-inch  film  is  heated 
in  an  oven  for  5  hours  at  a  temperature  of 
325°  F. 

The  test  has  been  adopted  as  an  ASTM 
Tentative  Standard  (D1764-60T)  under  the 
title,  Method  of  Test  for  Determining  the  Effect 
of  Heat  and  Air  on  Asphaltic  Materials  When 
Exposed  in  Thin  Films.  The  American  Asso- 
ciation of  State  Highway  Officials  has  also 
adopted  the  test  and  designated  it,  Thin-Film 
Oven  Test  (AASHO  Method  T179).  The 
ASTM  and  AASHO  methods  are  identical 
with  the  exception  of  the  tests  to  be  made  on 
the  residues.  The  ASTM  method  includes 
only  the  penetration  of  the  residue  as  a  desig- 
nated test.,  while  the  AASHO  method  includes 
both  penetration  and  ductility  of  the  residue 
as  designated  tests.  The  determination  of  the 
weight  loss  is  optional  in  the  ASTM  method, 
but  mandatory  in  the  AASHO  method. 

Microfilm  test. — The  microfilm  durability 
test,  sometimes  designated  as  the  aging  index 
test,  has  not  been  adopted  as  an  ASTM 
Standard.  Subcommittee  B-19  of  Commit- 
tee D-4  has  published  a  proposed  method  for 


information,  and  cooperative  studies  to  deter- 
mine its  precision  have  been  conducted.  This 
test  measures  the  change  in  absolute  viscosity 
that  occurs  when  a  film  of  asphalt,  5  microns 
in  thickness,  is  exposed  in  an  oven  for  2  hours 
at  225°  F.  The  result  is  expressed  as  the 
ratio  of  the  final  viscosity  divided  by  the  orig- 
inal viscosity  of  the  asphalt,  both  measured  at 
77°  F.  The  viscosities  are  determined  in  each 
case  by  the  sliding  plate  microviscometer. 

RESUME  OF  PRIOR  RESEARCH 

Thin-film  tests 

Because  the  thin-film  test  was  first  intro- 
duced in  1940,  some  asphalt  technologists  may 
not  be  completely  familiar  with  the  original 
research  conducted  to  establish  its  usefulness. 
A  brief  resume  of  the  major  findings  of  this 
research  are  presented  here. 

The  thin-film  test  was  first  introduced  by 
Lewis  and  Welborn  of  the  Bureau  of  Public 
Roads  (i).2  The  first  report  was  based  on 
findings  of  tests  on  50-60  and  85-100  pene- 
tration grade  asphalts  that  were  represen- 
tative of  asphalt  production  in  the  United 
States  at  that  time.  Results  were  included 
on  tests  made  for  2,  5,  7,  and  10  hours  at 
film  thicknesses  of  %,  }U,  and  ]'z2  inch. 
These  tests  showed  that  the  changes  occurring 
in  the  ^-inch  film  at  5  hours  most  nearly 
reproduced  the  changes  occurring  in  the 
Shattuck  mixing  test,  a  test  that  was  devel- 
oped for  measuring  the  hardening  of  asphalt 
in  a  laboratory  mixture.  Changes  other 
than  in  penetration  also  were  shown  to 
be  generally  of  the  same  order  of  magnitude 
for  the  %-inch,  5-hour  test  and  the  Shattuck 
test.  Accordingly,  this  ^-inch  film  thick- 
ness and  5-hour  exposure  time  were  selected 
for  further  study.  From  this  work,  it  was 
concluded  that  the  ability  of  the  asphalt  to 
withstand  hardening  during  mixing  in  com- 
mercial operations  could  be  measured  by  the 
thin-film  test.  Further,  the  report  suggested 
that  this  property  was  related  to  the  harden- 
ing that  occurred  during  service.  The 
report  also  included  data  to  show  that  the 
standard  oven  loss  test  is  of  little  value  for 
predicting  the  degree  of  hardening  of  asphalt 
that  occurs  during  the  mixing  process  or  in 
service. 

A  second  Public  Roads  report,  made  in 
1946  by  Lewis  and  Halstead  {2),  presented 
the  results  of  thin-film  tests  on  asphalts  of 
the  60-70,  100-120,  and  120-150  grades 
obtained  from  the  same  sources  as  the  asphalts 
tested  for  the  first  report.  The  data  of  the 
second  report  generally  supported  the  find- 
ings of  the  earlier  report  for  the  50-60  and 
85-100  grades,  thereby  indicating  a  general 
applicability  of  this  test  to  all  grades  of 
paving  asphalts. 

A  third  Public  Roads  report,  by  Pauls  and 
Welborn,  published  in  1952  (3),  compared  the 
hardening  of  asphalts  as  measured  by  the 
abrasion  tests,  weathering-strength  tests, 
the  Shattuck  test,  outdoor  exposure,  and  the 
thin-film  oven  test.  The  results  of  all  these 
tests,  in  which  mixtures  were  used  to  evaluate 

3  References  cited  by  Italic  numbers  in  parentheses  are 
listed  on  page  217. 


hardening,  were  shown  to  be  related  very 
closely  to  the  hardening  that  occurred  in  the 
asphalt.  Because  the  thin-film  test  is  a 
direct  measure  of  hardening  and  is  not 
complicated  by  extraction  and  recovery 
processes,  it  was  considered  to  be  the  most 
suitable  test  to  use  for  specification  purposes. 

The  most  recent  Public  Roads  studies  on 
asphalts  representing  production  from  all 
parts  of  the  United  States  were  reported  in 
1959  (4)  and  1960  (5).  The  data  from  these 
reports  indicate  that  the  percentage  of  re- 
tained penetration  generally  tends  to  be 
lower  for  the  higher  penetration  asphalts  than 
for  those  with  low  penetration;  therefore,  for 
equal  severity,  different  limits  for  each  grade 
of  asphalt  should  be  used  in  establishing  spec- 
ification requirements  for  asphalt  cement. 

It  is  believed  that  the  combined  findings 
of  the  foregoing  reports,  as  well  as  other 
investigations,  support  the  conclusions  that 
(1)  relative  resistance  to  change  during 
heating  and  mixing  is  an  important  property 
of  paving  asphalt,  (2)  a  test  to  measure  this 
resistance  is  needed  in  specifications,  and  (3) 
the  thin-film  test  fulfills  this  need. 

Microfilm  tests 

Because  the  research  concerning  the  micro- 
film test  is  more  recent  than  that  for  the  thin- 
film  test,  it  may  be  more  familiar  to  those 
presently  engaged  in  asphalt  research.  One 
of  the  first  reports  on  a  microfilm  test  was 
presented  by  Griffin,  Miles,  and  Penther  in 
1955  (6).  These  authors  based  their  studies 
on  some  earlier  w'ork  by  Labout  and  van 
Oort  (7). 

Generally,  the  microfilm  test  is  considered 
to  be  a  measure  of  the  potential  durability  of 
the  asphalt  in  service.  The  factors  of  varia- 
bility in  design  and  construction  affect  asphalt 
behavior  to  a  considerable  extent.  However, 
results  for  experimental  construction  projects, 
in  which  variables  other  than  the  asphalt  have 
been  eliminated  as  much  as  possible,  indicate 
a  general  correlation  between  behavior  of 
asphalts  in  microfilm  tests  and  in  road  be- 
havior. 

Relation  of  Microfilm  and  Thin-film 
Test  Results 

Data  are  available  from  several  published 
reports  that  provide  a  general  comparison 
of  the  results  of  the  microfilm  and  thin-film 
tests.  Results  for  asphalts  used  in  the  Zaca- 
Wigmore  tests  in  California  are  contained  in 
two  reports.  One,  the  study  by  Simpson, 
Griffin,  and  Miles  (8),  includes  the  micro- 
film test  results  and  the  other,  by  Skog  (9), 
includes  the  thin-film  test  results.  Results 
from  both  tests  on  another  group  of  asphalts 
used  in  Texas  experimental  projects  are  in- 
eluded  in  a  report  by  Jimenez  and  Galloway 
(10). 

The  data  taken  from  these  reports  are  shown 
in  table  1.  Several  laboratories,  including 
that  of  the  Bureau  of  Public  Roads,  cooperated 
with  the  Texas  Transportation  Institute  in 
making  tests  on  duplicate  samples  of  the 
materials  used  in  the  Texas  experimental 
roads  reported  on  by  Jimenez  and  Galloway. 
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Table     1. — Comparison    of     thin-film     and 
microfilm  test  results 


Asphalt 
Identification 

Original 

penetration, 

100  g.  5  sec. 

at  77'  F. 

Thin-film 

test,  percent 

retained 
penetration 

Micro- 
film test, 
aging 
index 

ZACA-WIGMORE  PROJECT 

A 

225 
218 
255 
223 
247 

246 
243 
228 
227 
239 

215 
238 
215 
230 
212 
237 

57 
56 
47 
43 
54 

51 
52 
53 
30 
21 

40 
41 
39 
50 
47 
58 

8.5 
9.0 
17.1 
65.4 
17.8 

15.8 

15.8 

7.3 

428.0 

2.VJ  li 

29.6 
33.  2 
59.0 
14.3 
27.4 
7.8 

A-2 

B-l 

B-2 

C 

C-2 .  . 

D 

D-2... 

E 

E-2 

F 

G 

G-2 

H._ _ 

H-2  .... 

J__ 

TEXAS  PROJECT 

1 

2       

167 

172 
128 
202 
202 

150 

131 
123 
233 
145 
163 

63 
65 
58 
58 
39 

49 
63 
62 
30 
65 
52 

4.2 
3.1 
5.0 
5.2 
12.2 

6.2 
4.1 
4.8 
19.4 
3.9 
7.0 

3 

4 

5 

6 

8 __ 

9 

10 

11 

10  20         30  50  100 

MICROFILM      VISCOSITY      AGING       INDEX 


Figure  1. — Relation  between  results  of  thin-film  and  microfilm  tests. 


The  data  supplied  by  Public  Roads  were 
selected  for  presentation  in  table  1.  The 
thin-film  test  results  selected  from  the  Cali- 
fornia samples  (Zaca-Wigmore  project)  were 
the  averages  of  the  results  obtained  by  several 
cooperating  laboratories,  as  reported  by  Skog. 

Figure  1  shows  the  percentage  of  retained 
penetration  obtained  in  the  thin-film  test 
plotted  against  the  viscosity  aging  index  ob- 
tained in  the  microfilm  test,  using  a  loga- 
rithmic scale  on  both  axes.  (This  figure  also 
presents  data  for  85-100  penetration  grade 
asphalts  selected  for  the  Public  Roads  special 
study,  which  will  be  discussed  later.) 

The  penetration  of  the  original  asphalts 
from  which  these  data  were  obtained  varied 


from  85  to  250  yet,  despite  this  relatively 
wide  variation,  a  general  relation  exists  be- 
tween the  two  test  results  that  approaches  a 
straight  line.  The  dashed  line  in  figure  1  shows 
the  curve  that  would  result  if  the  hardening 
in  the  asphalt  were  the  same  in  both  tests. 
This  curve  was  obtained  by  calculating  the  equiv- 
alent viscosity  for  a  given  penetration  using 
an  approximate  relation  established  by  tests 
made  in  the  Bureau  of  Public  Roads  labora- 
tory. This  relation  agrees  closely  with  that 
reported  by  Saal,  Baas,  and  Heukelom  (11). 
With  these  equivalents,  the  aging  index  for 
any  percentage  of  retained  penetration  is 
easily  calculated. 

The   deviation   of   the   experimental    curve 


from  the  line  indicating  equal  values  shows 
that  the  hardening  of  the  asphalt  occurring 
in  the  microfilm  test  was  greater  than  that 
occurring  in  the  thin-film  test,  and  that  the 
difference  increased  with  the  increase  in  the 
susceptibility  of  the  asphalt  to  hardening. 
Because  of  an  indication  that  the  data  for 
some  asphalts  deviated  from  the  general 
relation  more  than  could  be  accounted  for 
by  experimental  error,  Public  Roads  con- 
ducted a  special  study  in  an  attempt  to  deter- 
mine the  cause  of  such  deviations.  This 
study  was  conducted  on  a  group  of  11  asphalts 
of  85-100  penetration  grade  refined  by  a 
variety  of  methods  from  petroleum  obtained 
from  various  sources. 


Table  2. — Source,  method  of  refining,  and  test  characteristics  of  11  selected  85-100  penetration  grade  asphalts 


Sample 
No. 


Source  of  crude 


2 

Venezuela . 

3 

Mexico,  Panuco 

13 

Venezuela 

38 

Midcontinent 

53 

Midcontinent .. 

2  56 

Kansas     .      _.     

3  69 

71 

100 
*  109 

West  Texas  crudes 

Midcontinent-mixed  base 

California,  Santa  Maria.     .. 
Colorado..                    - 

119 

Colorado 

Method  of  refining 


Steam  and  vacuum  refining  to  grade 

Atmospheric  steam  distillation  to  grade 

(Not  given) 

Vacuum  distillation  to  225-275  penetration; 

blown  at  480°  F.— to  £rade. 
Vacuum  distillation  to  80°  F.-900  F.  softening 
point;  blown  to  grade— 10  hours. 

Vacuum  distillation  to  grade. 

Steam-vacuum  distillation  to  grade.. 

Propane  de-asphalting  and  vacuum  distilla- 
tion (Propane  asphalt  blended  with  300+ 
penetration). 

Steam  distillation  to  grade 

Vacuum  distillation  to  grade 

Propane  de-asphalting  to  hard  base;  fluxed  to 
grade  with  flux  oil. 


Test  characteristics 


Penetra- 
tion 100  g. 
5  sec.  at 
77°  F. 


1  +  values  indicate  gain  in  weight. 
:  Xylene-naphtha  equivalent  4-8. 
3  Xylene-naphtha  equivalent  12-16. 
*  Positive  spot  in  100  percent  xylene. 
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88 
87 
89 
90 

86 

86 
87 
87 


87 
92 


Ductility 
5  cm./ 
min.  at 

77  r. 


Cm. 
225 
248 
17". 
170 

151 

166 
112 
200 


245 
195 
238 


'often  ing 
point 


°  F. 
118 
121 
120 
120 


121 
116 
116 


120 
118 
116 


Furol 
viscosity 
at  275°  F. 


Sec. 
137 
318 
255 
189 

195 

180 
120 
190 


228 
100 
123 


Specific 
gravity 
at  77°  F. 


1.018 
1.037 
1.033 
1.000 

.995 

1.004 
1.029 

1.010 


1.031 
1.019 
1.031 


Thin-film  oven  test— H-ineh  film  at  325c 
F.,  5  his. 


Loss  i 


Pet. 
2.04 

.55 
.18 
.00 

+.03 

+.03 
+.02 
+.08 


1.03 
+.10 
2.18 


Tests  on  residue 


Softening 
point 


°  F. 
131 
134 
132 
129 

126 

139 
125 
121 


[36 

129 
129 


Ductility. 
5  cm./ 
min. 


Cm. 

250+ 

138 

175 

120 

150 

13 

178 
190 


125 

63 

250+ 


Percent 
of  original 
penetra- 
tion 


38 
60 
62 
62 


62 
61 

70 


49 
57 
38 
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SPECIAL  STUDY  OF  83100 
PENETRATION  GRADE  ASPHALTS 

The  materials  for  the  special  study  were 
selected  from  asphalts  previously  included  in 
the  general  studies  of  properties  of  highway 
asphalts  for  which  reports  have  been  issued 
in  recent  years  (4,  &)•  The  same  identifica- 
tion numbers  are  used  here  to  permit  con- 
venient reference  to  the  earlier  work.  The 
sources  of  the  crude  petroleums  and  methods 
of  refining  the  asphalts  are  given  in  table  2, 
which  also  shows  some  of  the  more  significant 
test  characteristics  previously  reported  (4). 
These  asphalts  were  chosen  so  as  to  represent 
widely  different  types  of  crudes  and  methods 
of  refining,  degree  of  volatility,  and  asphalt 
composition. 

The  special  tests  on  these  asphalts  for  this 
study  included  the  thin-film  oven  test  and 
the  microfilm  durability  test.  The  absolute 
viscosities  of  the  original  asphalts  and  the 
residues  from  each  of  the  film  tests  were 
determined  by  use  of  the  sliding  plate  micro- 
viscometer.  Determinations  to  establish  the 
viscosity-temperature  characteristics  were 
made  at  three  different  temperatures  for  all 
materials  and  at  five  temperatures  for  some 
asphalts  of  special  interest.  The  results  of 
these  tests  are  given  in  table  3  and  the  first 
five  columns  of  table  4. 

Test  results  for  penetration  of  the  original 
asphalts  and  the  thin-film  residues  shown  in 


Table  3. — Characteristics  of  85-100  penetration  grade  asphalts  before  and  after  laboratory 

film  tests 


Sample 

Original  asphalt 

Thin-film  residue 

Microfilm  residue 

identifiea- 

Penetra- 

Viscosity > 

Penetra- 

Percent 

Viscosity  ' 

Viscosity 

Viscosity  [ 

Viscosity 

cation 

tion  at 

at  77°  F.  in 

t  ion  at 

original 

at  77°  F.  in 

aging 

at  77°  F.  in 

aging 

77°  F. 

megapoises 

77°  F. 

penetration 

megapoises 

index 

megapoises 

index 

»0 

"i 

t'lh'o 

t'm 

Vm/Vo 

2 

8fi 

0.  8fi0 

31 

36 

8.21 

9.55 

32.5 

37.8 

3 

88 

1.04 

51 

58 

4.43 

4.26 

9.00 

8.65 

13 

88 

).  Hi 

54 

61 

3.77 

3.25 

6.70 

5.78 

38 

89 

1.20 

57 

64 

5.60 

4.67 

4.44 

3.70 

53 

88 

1.20 

59 

67 

3.00 

2.48 

2.80 

2.31 

56 

78 

1.67 

51 

65 

4.70 

2.81 

4.95 

2.96 

69 

88 

1.22 

49 

56 

3.45 

2.83 

5.90 

4.84 

71 

85 

0.879 

60 

71 

2.23 

2.53 

2.45 

2.79 

ion 

90 

1.21 

42 

47 

6.32 

5.22 

19.5 

16.1 

109 

83 

1.35 

49 

59 

5.22 

3.87 

5.50 

4.07 

119 

93 

0.78 

34 

37 

5.74 

7.36 

118 

151.0 

1  Calculated  at  a  shear  rate  ol  0.05  sec."1 

table  2  and  table  3  are  not  always  in  agree- 
ment because  tests  reported  in  table  3  were 
made  subsequent  to  those  shown  in  table  2. 
However,  the  agreement  is  considered  excel- 
lent in  that  retained  penetration  differed  by 
no  more  than  2  percentage  points  except  for 
asphalt  samples  69  and  56.  For  sample  69, 
the  penetration  of  the  residue  was  4  points 
lower  and  the  original  penetration  was  higher 
than  previously  reported  so  that  the  result 
for  retained  penetration  differed  by  5  per- 
centage points.  For  sample  56,  the  penetra- 
tion of  the  thin-film  residues  agreed  to  within 
2   percentage   points   but   the    original    pene- 


trations differed  by  8,  the  last  results  being 
the  lower.  Because  both  these  changes  were 
in  the  same  direction,  the  percentage  of 
retained  penetration  differed  by  only  3 
percent. 

Viscosity  Aging  Indexes 

Table  3  summarizes  the  viscosity  and  pene- 
tration data  obtained  from  the  microfilm  and 
thin-film  tests  at  77°  F.  A  viscosity  aging 
index,  which  is  the  viscosity  of  the  aged  resi- 
due divided  by  the  original  viscosity,  is  shown 
for     each     test.     Unless     specifically     stated 


EQUAL     HARDENING 


3  4  56789    10  15 

THIN-FILM      VISCOSITY      AGING       INDEX 

Figure  2. — Relation  between  viscosity  aging  indexes  for  microfilm 
and  thin-film  tests. 
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Figure  3. —  liseosity-temperature  relations  for  asphalt  sample  3. 
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otherwise,  all  viscosities  recorded  in  this  table 
and  elsewhere  in  this  article  were  based  on 
calculations  at  a  shear  rate  of  0.05  sec.-1 
Figure  2  shows  the  viscosity  aging  index 
obtained  from  the  microfilm  test  plotted 
against  that  obtained  from  the  thin-film  test. 
The  data  presented  in  figure  2  indicate  that 
for  values  of  aging  indexes  around  2  there  was 
no  significant  difference  in  the  results  of  the 
two  tests.  As  the  resistance  to  hardening 
decreased,  the  increase  in  viscosity  index  for 
the  microfilm  test  increased  much  more  rapidly 
than  that  for  the  thin-film  test.  However, 
results  for  two  asphalts  very  definitely  did 
not  follow  this  trend;  essentially  the  same 
hardening  occurred  for  asphalt  sample  109  in 
the  two  tests,  but  less  hardening  occurred  in 
the  microfilm  than  in  the  thin-film  test  for 
asphalt  sample  38.  Check  determinations 
were  made  for  the  asphalts  showing  a  different 
trend;  the  same  results  were  obtained  each 
time.  The  results  on  asphalt  samples  53,  56, 
and  71  showed  approximately  equal  hardening 
behavior  during  both  tests.  However,  no  large 
differences  would  be  expected  in  these  three 
asphalts  because  of  low  values  of  aging  index. 
A  consideration  of  these  results,  together  with 
data  to  be  presented  later,  indicates  that  there 
were  at  least  two  types  of  behavior  of  the 
tested  asphaltic  materials.  In  one  type  of 
behavior,  the  difference  in  hardening  of  asphalt 
between  the  aging  indexes  obtained  by  the 
microfilm  and  thin-film  tests  increased  exponen- 
tially  as  the  index  increased;  for  the  other,  the 
hardening  indexes  were  approximately  equal. 

Viscosity -Temperature    Relationship 

Viscosities  were  determined  over  a  range  of 
temperatures  to  provide  information  on  the 
temperature  susceptibility  for  the  asphalts  and 
the  test  residues.  The  data  obtained  are  given 
in  the  first  five  columns  of  table  4.  The  range 
of  temperatures  used  (60°  F.  to  95°  F.)  gener- 
ally represents  the  limits  of  the  microviscometer 
for  this  group  of  asphalts. 

To  show  the  viscosity-temperature  relation- 
ship, the  viscosities  were  plotted  against  temp- 
erature by  using  a  basis  similar  to  that  used 
for  the  standard  ASTM  viscosity-temperature 
charts.  In  figures  3-7,  the  double  logarithm 
(log  of  the  log)  of  viscosity  in  poises  is  plotted 
against  the  logarithm  of  the  absolute  tempera- 
ture in  degrees  Rankine  (°F.  +  459.7).  (For 
convenience,  temperatures  are  shown  in  °F  on 
the  figures.)  The  ASTM  charts  are  based  on 
the  double  logarithm  of  the  viscosity  in  centi- 
stokes.  However,  for  the  range  of  values 
obtained  for  these  asphalts  and  because  the 
densities  of  the  asphalts  closely  approximated 
1  gram  per  cubic  centimeter,  either  scale 
should  give  an  approximately  straight-line 
relationship  for  true  viscous  liquids. 

The  data  points  for  7  of  the  11  asphalts 
tested  fell  in  straight  lines  within  small  experi- 
mental errors.  In  four  cases,  which  are  dis- 
cussed later,  there  was  some  curvature  that 
apparently  was  not  related  to  experimental 
error.  The  viscosity-temperature  suscepti- 
bility index  (m)  shown  in  the  seventh  column 
of  table  4  is  the  slope  of  these  plotted  lines, 
except  for  the  four  noted.  In  these  cases,  the 
calculations  are  based  on  an  assumption  that 
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the  portion  of  the  curve  between  70°  F.  and 
85°  F.  is  straight. 

Figure  3  shows  the  viscosity-temperature 
relations  of  the  original  asphalt  and  the 
residues  from  the  microfilm  and  thin-film  tests 
for  asphalt  sample  3.  The  curves  shown  are 
typical  for  those  asphalts  (as  mentioned 
previously)  that  showed  higher  aging  indexes 
for  the  microfilm  residues  than  for  the  thin- 
film  residues.  The  temperature  suscepti- 
bilities of  both  residues  were  slightly  less  than 
for  the  original  asphalt  and,  in  most  cases, 
the  microfilm  residue  showed  slightly  less 
susceptibility  than  the  thin-film  residue; 
but  these  differences  generally  were  not  con- 
sidered significant.  The  curves  for  asphalt 
71  in  figure  4  indicate  that  this  material 
generally  followed  the  behavior  pattern  as 
shown  for  sample  3,  although  the  degree  of 
hardening  was  approximately  the  same  in 
both  the  microfilm  and  the  thin-film  tests. 

Those  asphalts  showing  approximately 
equal  hardening  in  the  thin-film  and  micro- 
film tests  at  all  levels  are  illustrated  in  figures 
5-7  for  asphalt  samples  38,  56,  and  109, 
respectively.  Although  the  deviation  was 
small  for  some  of  these  asphalts,  the  data 
points  do  not  fall  in  a  straight  line.  Also, 
the  curves  for  the  microfilm  and  thin-film 
residues  generally  cross.  Viscosities  determined 
at  60°  F.  for  the  microfilm  test  residues 
were  higher  than  those  for  the  thin-film  test 


residues;  but  the  reverse  was  true  at  95°  F. 
At  77°  F.,  the  temperature  used  for  the 
viscosity  aging  indexes,  hardening  values 
were  either  higher  or  lower  depending  on  the 
asphalt. 

Because  of  the  curvature  of  some  of  the 
plotted  data,  it  was  necessary  to  base  the 
viscosity-temperature  susceptibility  index 
given  for  these  asphalts  in  table  4  on  the 
portions  of  the  curves  between  70°  F.  and 
85°  F.  Thus,  the  indexes  are  not  valid  over 
a  wide  range  of  temperature,  but  the  values 
shown  are  indicative  of  the  trends.  The 
change  in  slope  of  the  residues  compared 
to  that  of  the  original  asphalt  was  generally 
greater  for  this  group  of  materials  than  for 
asphalts  of  the  other  behavior  group.  This 
was  particularly  true  for  samples  56  and  109. 

Complex  flow  characteristics 

It  generally  is  recognized  that  most  asphalts 
at  atmospheric  temperature  do  not  have  the 
characteristics  of  a  true  liquid  (Newtonian 
flow)  but  exhibit  complex  flow;  that  is,  the 
ratio  of  the  shearing  stress  to  the  rate  of 
shear  is  not  a  constant.  Accordingly,  further 
study  of  the  rheological  properties  of  the 
asphalts  and  the  residues  was  made  by  con- 
sidering the  proposals  of  Schweyer  and  Brans- 
ford  (12).  These  authors,  following  earlier 
suggestions  by  Romberg  and  Traxler  (13), 
recommended    that    viscosity    determinations 


Table  4. — Complex  flow  coefficients  and  asphalt  viscosities  at  various  temperatures  and 

shear  rates 


Viscosity 

temper- 

Viscosity, 1,000  ergs  per 

Coefficient  of  complex 

Sample 

Vis  cos 

ity  (0.05 

sec.-1)  in  rnegapoises  at— 

ature 

sec.  per  cm.3  in  megapoises 

flow  at— 

identi- 

suscepti- 

at— 

fication  ' 

bility 
index  2 

\ 
m 

c 

60°  F. 

70°  F. 

77°  F. 

85°  F. 

95°  F. 

60°  F. 

77°  F. 

95°  F. 

60°  F. 

77°  F. 

95°  F. 

\° 

11.  1 

0.860 

0.148 

4.8 

10.5 

0.881 

0.  122 

1.00 

1.00 

0.65 

2\t 

113 

8.21 

.960 

4.7 

137 

10.7 

1.07 

.95 

.84 

.85 

[in 
1° 

32.5 
1.04 

2.80 
.181 

40.4 
1.10 

3.41 

.200 

.92 

.91 
.92 

.79 
1.20 

8.70 

4.3 

9.80 

3V 

26.0 

8.60 

4.43 

1.78 

.  802 

3.5 

41.4 

5.07 

.853 

.80 

.89 

.87 

[?K 

53.7 

9.00 

1.55 

3.3 

127 

11.3 

1.69 

.76 

.82 

.89 

(0 

10.  6 

2.51 

1.  16 

.468 

.226 

4.1 

13.3 

1.26 

.200 

.90 

.94 

.95 

13U 

24.8 

3.77 

.573 

3.8 

36.8 

4.08 

.578 

.86 

.95 

.96 

[m 

43.7 

6.70 

1.02 

3.6 

77.6 

7.95 

1.03 

.88 

.91 

.95 

1° 

10.1 

2.  62 

1.20 

.470 

.132 

4.5 

12.1 

1.28 

.122 

.81 

.86 

.88 

38\t 

20.7 

11.0 

5.60 

2.87 

.940 

'3.2 

38.8 

6.  62 

.978 

.70 

.90 

.95 

[m 

22.7 

9.80 

4.44 

1.77 

.513 

34.  l 

52.2 

5.26 

.  665 

.67 

.89 

.89 

f° 

53-7 

9.80 

3.30 

1.20 

.482 

.155 

3  4.9 

11.3 

1.  22 

.  116 

.91 

1.  05 

.96 

16.6 

6.40 

3.00 

1.24 

.389 

3  3.9 

26.3 

3.13 

327 

.78 

.96 

.98 

[m 

16.4 

7.20 

2.80 

1.08 

.372 

3  4.3 

35.  5 

3.00 

.295 

.70 

.91 

.92 

to 

8.02 

3.27 

1.67 

.675 

.206 

3  4.2 

13.2 

3.83 

.204 

.71 

.90 

.98 

56]; 

16.2 

7.42 

4.70 

3.04 

1.32 

3  2.  5 

48.1 

17.4 

1.46 

.54 

.78 

.S4 

[m 

18.4 

7.40 

4.95 

2.88 

1.11 

3  2.6 

60.5 

15.4 

1.24 

.53 

.63 

.83 

1° 

20.0 

1.22 

.150 

5.3 

20.9 

1.25 

.158 

.99 

1.00 

1.02 

34.7 

3.45 

.352 

4.7 

50.1 

3.41 

.356 

.87 

1.03 

.99 

[m 

60.0 

5.90 

.577 

4.7 

117 

6.  56 

.541 

.77 

.91 

1.33 

(o 

10.5 

2.50 

.879 

.311 

.0930 

5.4 

13.4 

.909 

.  0961 

.88 

.99 

1.00 

71  V 

18.5 

5.40 

2.23 

.700 

.222 

4.9 

24.4 

2.34 

.219 

.88 

,98 

.96 

[m 

26.7 

2.45 

.300 

4.7 

35.0 

2.59 

.293 

.88 

.97 

.95 

fo 

11.2 

1.21 

.185 

4.5 

13.3 

1.23 

.190 

.93 

1.00 

1.00 

10OU 

51.5 

6.32 

.802 

4.0 

89.6 

7.  27 

.904 

.78 

.94 

92 

[m 

87.6 

19.5 

2.53 

3.2 

443 

24.2 

3.44 

.00 

.80 

.86 

1° 

low 

17.2 

3.39 

1.35 

.520 

.200 

5.0 

35.7 

1.42 

.200 

.68 

.93 

.93 

24.9 

10.3 

5.22 

2.77 

1.57 

3  3.0 

81.fi 

7.  12 

1 .  65 

.57 

.78 

.89 

[m 

25.2 

10.4 

5.50 

2.24 

.585 

3  3.2 

71.0 

7.63 

.  605 

.62 

.68 

.94 

1° 

10.8 

2.17 

.780 

.230 

.072 

5.7 

10.3 

.800 

.072 

1.03 

.97 

1.00 

119-li 

86.0 

20.5 

5.74 

1.67 

.540 

5.0 

123 

5.73 

.530 

.97 

1.00 

.99 

[m 

118 

34.3 

9.20 

4.5 

11.6 

i  o=original  asphalt;  t  =  thin-film  residues;  m  =  microfilm  residues. 

2  Slope  of  plotted  line:  log=log  viscosity  vs.  log  absolute  temperature. 

3  For  portion  of  curve  between  70°  F.  and  85°  F. 
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be  reported  on  the  basis  of  a  constant  value 
of  the  product  of  shearing  stress  multiplied 
by  rate  of  shear,  the  unit  of  which  is  ergs  per  sec. 
per  cm.3  or  power  output  per  unit  of  volume. 
They  also  recommended  that  the  degree  of 
complex  flow  be  expressed  by  a  coefficient 
that  is  equal  to  the  slope  of  the  line  obtained 
when  the  shearing  stress  in  dynes  per  cm.2 
is  plotted  against  the  shear  rate  (sec.-1)  on 
logarithmic  coordinates.  This  is  based  on 
the   general   rheological   equation: 

v=F/Sc 
where, 

v  =  viscosity  in  poises. 
F=shearing  stress,  dynes  per  cm.2 
<S  =  rate  of  shear,  sec.-1 
c  =  coefficient  of  complex  flow. 

Experimentally,  the  values  of  viscosity  and 
the  coefficient  of  complex  flow  were  determined 
by  plotting  on  logarithmic  coordinates  the 
shearing  stress  in  dynes  per  cm.2  for  each  load- 
ing of  the  microviscometer  against  the  shear 
rate  (sec.-1)  obtained  at  that  loading.  The 
actual  slope  of  this  line  is  the  coefficient  of 
complex  flow.  The  values  of  F  and  S,  at  the 
point  where  this  line  intersects  the  line  repre- 
senting FXS=l,000,  were  used  as  the  basis 
for  calculating  the  viscosity  (v  =  F/S).  The 
results  of  these  computations  are  given  in  the 
right-hand  portion  of  table  4. 

The  coefficients  of  complex  flow  for  the 
asphalts  are  of  particular  interest.  A  value  of 
1.00  indicates  Newtonian  flow.  It  will  be 
noted  that  in  two  cases,  the  computed  value 


significantly  exceeded  1.00:  the  original  values 
for  asphalt  sample  3  at  95°  F.  and  the  micro- 
film residue  for  asphalt  sample  69  at 
95°  F.  These  computations  were  based 
on  values  obtained  with  only  one  specimen  and 
such  an  unusual  flow  could  have  been  an  acci- 
dental result  or  could  indicate  some  instru- 
mental factor. 

General  Trends  of  Test  Results 

Further  study  is  needed  to  determine  the 
cause  of  these  unusual  results  and  also  the 
repeatability  of  the  values.  However,  it  is 
believed  that  the  general  trends  noted  are 
significant.  Generally,  the  degree  of  complex 
flow  decreased  as  the  temperature  increased 
(the  value  of  the  coefficient  increased,  ap- 
proaching unity).  However,  test  results  for 
asphalt  sample  2  indicated  the  reverse  trend, 
which  might  have  been  an  experimental  error. 
It  was  also  noted  that  the  degree  of  complex 
flow  was  usually  greater  for  the  test  residues 
than  for  the  original  asphalts.  The  signifi- 
cant exception  noted  was  the  unusual  behavior 
of  asphalt  sample  2  at  95°  F.,  as  previously 
stated. 

The  viscosity  data  presented  in  table  4  show 
that  large  differences  in  reported  viscosity  can 
occur  because  of  the  basis  used  for  reporting. 
For  example,  the  viscosity  for  the  microfilm 
test  residue  for  asphalt  sample  100  (at  60°  F.) 
was  87.6  megapoises  when  calculated  on  the 
basis  of  a  shear  rate  of  0.05  sec.-1  but  was  443 
megapoises  when  calculated  on  the  basis  of 
1,000  ergs  per  sec.  per  cm.3 


In  these  studies  the  significance  of  the  vari- 
ous differences  in  asphalts  or  the  causes  of  such 
differences  were  not  determined.  Public 
Roads  has  initiated  further  research  with  the 
same  group  of  asphalts  in  an  attempt  to  relate 
some  of  these  properties  to  the  behavior  of  the 
asphalt  in  a  mixture.  It  is  hoped  that  such 
studies  will  establish  the  significance  of  the 
differences  reported  here. 

Usefulness  of  Microviscometer 

A  secondary,  but  important,  objective  of 
these  investigations  was  to  evaluate  the  use- 
fulness of  the  sliding  plate  microviscometer 
for  studying  the  changes  in  properties  of 
asphalt.  Suggestions  have  been  made  that 
the  results  of  the  thin-film  test  be  evaluated  on 
the  basis  of  viscosity  changes.  Figure  8  (p. 
218)  shows  the  relations  between  the  percent- 
age of  original  penetration  and  the  thin-film 
viscosity  aging  index.  If  a  constant  relation 
existed  between  penetration  and  viscosity,  this 
plotted  curve  would  be  a  straight  line  through 
the  origin.  With  the  possible  exception  of 
sample  38,  deviations  from  the  plotted  curve 
generally  were  within  experimental  error. 
Therefore,  figure  8  provides  a  basis  for  con- 
verting thin-film  test  results  from  percentage 
of  original  penetration  to  a  viscosity  aging 
index. 

For  example,  a  retained  penetration  of  47 
percent  in  the  thin-film  test,  the  limit  used 
for  the  85-100  penetration  asphalts  in  several 
specifications,    is    found,    by    using    figure    8, 
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Figure  4. — Viscosity -temperature  relations  for  asphalt  sample  71. 
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Figure  5. — liscosity-temperature  relations  for  asphalt  sample  38. 
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Figure  6. — Viscosity -temperature  relations  for  asphalt  sample  56. 
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Figure  7 . — Viscosity -temperature  relations  for  asphalt  sample  109. 


to  be  equivalent  to  a  thin-film  viscosity  aging 
index  of  4.5.  This  should  not  be  confused 
with  the  equivalent  microfilm  aging  index, 
which  figure  1  shows  to  be  approximately  15. 

These  tests  showed  that  evaluation  of  the 
results  of  the  thin-film  test  could  be  made  on 
the  basis  of  absolute  viscosities  obtained  by 
the  sliding  plate  microviscometer,  without 
materially  changing  the  acceptance  or  rejec- 
tion of  material.  The  high  degree  of  tech- 
nique required  for  obtaining  suitable  micro- 
viscometry  results,  plus  the  fact  that  only 
a  few  laboratories  have  the  equipment,  make 
the  recommendation  of  general  adoption  of 
such  a  procedure  undesirable  at  the  present 
time. 

Reports  concerning  the  use  of  the  micro- 
viscometer generally  tend  to  emphasize  the 
simplicity  of  the  instrument.  Experience 
with  the  microviscometer  in  this  investigation 
indicated  that  this  simplicity  has  been  over- 
emphasized. It  was  found  that  an  operator 
needs  considerable  experience  to  develop  the 
technique  of  preparing  films  so  as  to  obtain 
repeatable  results.  The  recording  instrument 
requires  careful  calibration,  which  must  be 
checked  frequently.  Determinations  for  at 
least  four,  and  preferably  five,  different  load- 
ings must  be  made  at  each  temperature. 
Then,  computations  must  be  made  for  each 
loading;  the  values  must  be  plotted;  and  the 
viscosity  must  be  interpolated  for  the  selected 
shear    rate.     For    example,     each     viscosity 


determination  reported  in  this  article  required 
21  individual  computations. 

The  useful  range  of  the  commercial  instru- 
ment used  in  these  studies  was  foundtobefrom 
0.1  to  100  megapoises  for  a  shear  rate  of 
0.05  sec.-1  For  values  of  less  than  0.1  mega- 
poise,  the  instrumental  balance  became  critical 
and  greatly  affected  the  results.  For  values 
of  about  100  megapoises,  the  maximum  load 
permitted  by  the  design  of  the  instrument 
was  required.  This  range  of  0.1  to  100 
megapoises  corresponds  approximately  to  a 
range  of  10  to  300  penetration. 

A  change  in  the  design  of  the  instrument, 
such  as  a  horizontal  position  for  the  plates 
or  the  capacity  for  greater  loading,  would 
permit  extension  of  the  range.  The  upper 
range  might  also  be  extended  somewhat  if 
the  basis  used  for  reporting  viscosity  values 
was  changed  to  viscosities  at  a  constant  power 
output   or   if   lower   shear   rates   were   used. 

These  limitations  are  pointed  out  to  indi- 
cate that  adoption  of  the  instrument  for  control 
tests  appears  undesirable  at  the  present  time. 
However,  for  research  purposes  it  offers 
many  advantages.  A  considerable  amount  of 
information  concerning  the  flow  properties  of 
an  asphalt  can  be  obtained  with  this  instru- 
ment that  is  not  available  from  empirical 
tests.  It  also  makes  possible  more  detailed 
comparisons  of  changes  in  asphalt  properties 
induced  by  laboratory  tests  and  service 
behavior. 
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Life-Saving  Benefits  of  the  Interstate  System 


by  CHARLES  W.  PRISK,  Special  Assistant  to 

the  Assistant  Commissioner  for  Research 

Bureau  of  Public  Roads 


The  Interstate  System,  with  its  many 
advanced  design  features  including  con- 
trol of  access,  ivill  have  a  key  role  in 
highway  safety.  A  reappraisal  of  its 
value  in  this  respect  indicates  that  in 
1°T3,  the  first  year  after  its  scheduled 
completion,  more  than  5,000  lives  will  be 
saved  by  virtue  of  the  safety  features  of 
the  Interstate  System. 

Introduction 

IN  EACH  YEAR  OF  the  past  decade, 
traffic  accidents  on  all  roads  and  streets  in 
the  United  States  have  taken  35,000  to  40,000 
lives.  The  total  annual  number  of  fatalities 
has  fluctuated  within  this  range  during  the 
decade  and  while  it  has  been  increasing  some- 
what during  the  past  few  years,  this  increase 
has  by  no  means  matched  the  concurrent 
growth  in  the  number  of  vehicles  registered 
annually  and  the  miles  that  they  travel.  A 
reasonable  and  widely  accepted  measure  of 
highway  safety  is  the  number  of  fatalities  per 
100  million  vehicle-miles  of  travel.  With 
this  measure  showing  a  fairly  steady  decline 
from  7.5  in  1951  to  5.4  in  1959,  the  record  of 
progress  in  highway  safety  provides  some 
encouragement.1 

There  is  much  greater  promise  for  the 
future.  The  41,000-mile  National  System  of 
Interstate  and  Defense  Highways,  now  being 
built  with  a  target  date  of  1972  for  completion, 
represents  only  1.2  percent  of  the  Nation's 
total  road  and  street  mileage,  but  it  will  carry 
21  percent  of  all  motor- vehicle  travel.  The 
Interstate  System,  therefore,  has  a  key  role  in 
highway  safety.  Features  being  built  into 
the  system,  such  as  control  of  access,  divided 
roadways  independently  designed,  and  care- 
fully planned  interchanges,  are  expected  to 
have  a  favorable  and  lasting  impact  on  the 
traffic  accident  problem. 

From  examination  of  available  facts,  it  is 
conservatively  estimated  that  completion  of 
the  Interstate  System  will  each  year  thereafter 
spare  the  lives  of  at  least  5,000  persons  who 
otherwise  would  have  died  in  traffic  accidents. 
This  new  estimate  is  25  percent  higher  than  an 
earlier  estimate  of  4,000  made  some  few  years 
ago. 

The  accident  experience  on  highways  hav- 
ing Interstate  System  freeway  design  has 
already  been  carefully  compared  with  that  on 
conventional  highways  carrying  major  traffic 
loads  in  the  same  area  (1,  ®)-2  From  those 
data,  based  on  studies  of  selected  facilities  in 


1  At  the  time  this  article  was  prepared,  1960  data  were  not 
yet  available. 

2  References  cited  by  italic  numbers  in  parentheses  are 
listed  on  page  220. 
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the  1950's,  the  effect  of  controlled  access  and 
other  Interstate  System  design  features  on 
traffic  fatality  rates  is  shown  in  the  inset  bar 
chart  in  figure  1.  In  urban  areas  the  Inter- 
state type  of  highway  has  a  fatality  rate  of 
2.0  deaths  per  100  million  vehicle-miles  of 
travel,  as  compared  with  4.0  for  conventional 
highways;  in  rural  areas  the  rates  were  3.3 
and  8.7,  respectively. 

From  analysis  of  these  data,  national  trend- 
in  accidents,  and  forecasts  of  traffic,  it  appears 
that  Interstate  freeways  are  about  two-and- 
one-half  times  as  safe  as  the  highways  of 
earlier  design  they  are  replacing.  This  is  an 
overall  relationship.  The  nature  of  the  bene- 
fits varies  somewhat  between  the  city  and  the 
open  countryside.  Judged  by  the  number  of 
accidents  and  deaths  per  100  million  vehicle- 
miles  of  travel,  the  total  accident  reduction 
benefits  of  freeways  are  greater  in  the  cities, 
but  their  life-saving  values  are  higher  in  the 
rural  areas. 

The  Interstate  System  is  scheduled  for  com- 


pletion in  1972,  and  1973  will  be  the  first  full 
year  during  which  the  entire  41, 000-mile 
system  will  have  been  in  use.  In  that  year, 
according  to  estimates  from  the  highway  cost 
allocation  study  (3),  travel  on  the  Interstati 
System  will  amount  to  81.5  billion  vehicle- 
miles  on  its  urban  portions  and  147.4  billion 
on  its  rural  segments.  In  the  same  year, 
incidentally,  total  travel  on  all  roads  and 
streets  is  estimated  at  444.1  billion  urban  and 
651.8  billion   rural   vehicle-miles. 

It  is  a  conservative  assumption  that  fatality 
rates  on  the  Interstate  System  will  remain 
essentially  constant,  although  some  modest 
improvement  may  occur  as  the  motoring 
public  becomes  more  accustomed  to  freeway 
driving  and  as  anticipated  refinements  in 
design  and  operating  practices  are  accom- 
plished. It  does  seem  reasonable  to  forecast 
a  small  reduction  of  fatality  rales  in  rural 
areas  but.  the  urban  rate  is  already  so  low  that 
only  a  slight  change  could  be  expected  at  best. 
Accordingly,  for  the  purposes  of  this  estimate, 


EFFECT  OF  CONTROL  OF  ACCESS, 
SELECTED  FACILITIES 


1951  1956  1961  1966  1971      1973 

Figure  1. — Highway  accident  fatality  rates  in  the  1950's,  and  projection   to  1973. 
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a  value  of  2.0  fatalities  per  LOO  million  vehicle- 
miles  of  travel  is  assumed  for  the  urban  por- 
tions of  the  Interstate  System  in  1973,  and 
15.0  for  I  he  rural  portions. 

Measurement  for  Safety 

As  a  yardstick  for  measuring  the  safety 
benefits  of  the  Interstate  System,  it  also  was 
necessary  to  estimate  the  probable  fatality 
rales  for  all  roads  and  streets  in  1973.  Figure 
I  shows,  for  urban,  rural,  and  total  travel, 
the  fatality  rates  for  all  roads  and  streets  for 
each  of  the  years  1951-59,  as  reported  by  the 
National  Safety  Council  (J).  During  this 
period  the  rates  declined  with  reasonable 
uniformity  from  4.8  to  3.2  fat  alii  ies  per  100 
million  vehicle-miles  of  urban  travel  and 
from   9.8  to   7.1    for   rural   travel.      (These  are 


akin  to  the  4.0  and  8.7  indicated  for  selected 
facilities  without  control  of  access,  shown  in 
t  he  bar  chart.) 

With  this  background  trend,  it  is  antici- 
pated that  the  accident  and  fatality  rates  for 
all  roads  and  streets  will  decline  further  during 
the  next  decade.  However,  it  is  unlikely  that 
the  average  rates  of  decline  of  the  1951-5!) 
period  can  continue.  As  the  rates  drop,  it 
becomes  increasingly  difficult  to  reduce  them 
further.  The  urban  fatality  rate  is  already 
low,  and  expansion  of  urban  areas — that  is, 
growth  of  suburban  areas — tends  to  bring 
the  urban  death  rate  closer  to  that  of  the 
rural  areas,   which   is  typically  higher. 

In  figure  1,  curves  fitted  by  eye  to  the 
plotted  fatality  rate  points  for  1951-59  have 
been  projected  to  1973,  with  the  assumption 
that    by    that    year    the    annual    change    in 


Table  1. — Calculation  of  lives  expected  to  be  saved  by  the  Interstate  System  in  1973 


Urhan 

Rural 

Death  rate  (1(1(1  million  veil. -mi.): 
Conventional  highways.   _.      

2.8 
2.0 

0.  1 
3.0 

Interstate  highways    

Benefit  (difference) 

0.8 
815 
652 

3.1 

1.474 
4,569 

Interstate  travel  (100  million  veh.-mi.) _ 

Total  lives  saved  (benefitXtravel)-.  .. 

Total  lives  saved,  urban  and  rural 

5,  221 

rates  will  be  small.  The  1973  rates,  thus 
projected,  are  2.8  for  urban  travel  and  6.1 
for  rural. 

The  application  of  the  various  estimates 
made  is  shown  in  table  1.  Simply  put,  the 
difference  between  the  1973  fatality  rates  for 
all  roads  and  streets  (conventional  highways) 
and  for  the  Interstate  System  is  the  benefit 
anticipated  from  the  latter;  and  the  product 
of  this  benefit  and  the  travel  on  the  Inter- 
state System  in  1973  (both  in  the  same  terms, 
100  million  vehicle-miles)  represents  the 
number  of  lives  saved  by  the  completion  of 
the  Interstate  System.  For  rural  and  urban 
travel  combined,  the  total  is  over  5,200. 
It  is  believed  that  this  estimate  is  reasonably 
conceived  and  conservatively  based. 
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A  Laboratory-Field  Study  of  Hot 
Asphaltic  Concrete  Wearing  Course  Mixtures 


Reported  '     by  JOSEPH  F.  GOODE,  Highway  Research  Engineer, 

Division  of  Physical  Research,  Bureau  of  Public  Roads, 

and  ELLIOTT  P.  OWINGS,  Bituminous  Engineer, 

Maryland  State  Roads  Commission 


Results  of  a  laboratory -field  study  of  properties  and  performance  of  asphaltic 
concrete  pavements,  ranging  in  age  from  3  to  12  years,  from  six  test  sections  of 
Maryland  road  construction  projects  are  described  in  this  article. 

The  Los  Angeles  abrasion  ivear  loss  for  the  coarse  aggregates  used  in  the  test 
sections  ranged  from  17  to  39  percent.  Compaction  from  construction  and 
traffic  both  appeared  to  have  caused  minor  degradation  of  the  aggregates.  The 
degree  of  degradation  ivas  insignificant  in  most  instances  and  in  no  instance  was 
sufficient  to  affect  service  behavior  of  the  pavements. 

Air  voids  in  pavement  following  construction  compaction  ranged  from  5.6 
to  14.5  percent.  Traffic  compaction  produced  appreciable  reductions  in  per- 
centage of  air  voids.  Pavement  performance  and  rate  of  asphalt  hardening  ivere 
related  to  the  amount  of  air  voids.  A  high  percentage  of  air  voids  resulted  in 
early  deterioration  of  the  pavement.  The  results  of  the  study  tend  to  confirm 
that  the  6-percent  air  void  criterion  of  the  Bureau  of  Public  Roads  mix  design 
procedure  is  satisfactory. 


Introduction 

INFORMATION  PRESENTED  in  this 
article  was  based  on  a  13-year  laboratory- 
field  study  (1947-59)  conducted  by  the  Bureau 
of  Public  Roads  and  the  Maryland  State  Roads 
Commission  pertaining  to  degradation  of 
aggregates  occurring  in  hot  asphaltic  concrete 
wearing  course  mixtures. 

Objectives  established  for  the  study  were  to 
determine:  (1)  The  effect  of  the  gradation  and 
toughness  of  the  aggregate  used  in  asphaltic 
mixtures  on  the  aggregates'  resistance  to 
degradation  during  construction  and  after 
various  intervals  of  pavement  service,  (2) 
whether  aggregate  degradation  affected  the 
rate  of  pavement  densification  under  traffic, 
and  (3)  the  effect  of  air  voids  in  the  pavement 
on  changes  in  the  physical  characteristics  of 
the  contained  asphalt.  It  was  anticipated 
that  findings  from  this  study  would  make  it 
possible  to  relate  the  foregoing  factors  to 
pavement  performance  and  to  establish  the 
validity  of  the  Los  Angeles  abrasion  wear  loss 
test  and  Public  Roads  design  criteria. 

The  study  was  undertaken  because  only 
limited  published  information  was  available 
concerning  the  extent  of  degradation  of  dense- 
graded  aggregate  in  hot  asphaltic  concrete 
occurring  during  construction  or  from  subse- 
quent traffic.  The  majority  of  specifications 
include  a  requirement  based  on  the  Los 
Angeles  abrasion  test  (AASHO  Method  T  96 
or  ASTM  Method  C  131)  for  a  coarse  aggre- 
gate of  sufficient  toughness  to  resist  degrada- 


1  Presented  at  the  64th  annual  meeting  of  the  American 
Society  for  Testing  Materials,  Atlantic  City,  N.J.,  June  1901. 
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tion.  The  percentage  of  degradation  per- 
mitted within  this  requirement  ranges  from  30 
to  60  percent  for  maximum  wear  loss  but  most 
specifications  limit  the  maximum  wear  to  40 
percent.  At  the  time  this  study  was  under- 
taken, however,  practically  no  published 
information  was  available  to  justify  use  of  such 
varying  wear  loss  values  in  specifications  or  to 
establish  that  the  40  percent  commonly  used 
was  the  most  satisfactory  maximum  value. 

It  is  believed  that  the  anticipated  weight 
and  volume  of  traffic  and  the  gradation  of  the 
aggregate  also  should  be  considered  during 
preparation  of  specifications  establishing  the 
maximum  allowable  percentage  of  loss.  Fur- 
thermore, it  was  noted  that  few  specifications 
were  written  to  permit  use  of  a  softer  coarse 
aggregate  when  aggregate  gradations  are  high 
in  percentage  of  material  passing  the  No.  10 
sieve,  which  provides  a  cushion  for  the 
coarse  aggregate. 

When  this  study  was  in  the  planning  stage, 
it  was  believed  that  sufficient  information 
could  be  obtained  by  using  relatively  few  road 
test  sections  representing  a  wide  range  in  type 
and  toughness  of  the  coarse  aggregate  used  in 
the  hot  asphaltic  concrete  mixture.  The  tesl 
sections  were  to  be  selected  from  actual  Mary- 
land road  construction  projects  and  the  con- 
tractor was  not  to  be  required  to  make  any 
deviations  from  his  normal  construction  opera- 
tions. It  was  known  that  information  con- 
cerning aggregates  would  be  limited  to  that 
obtained  for  aggregates  having  a  maximum 
Los  Angeles  abrasion  test  wear  loss  of  45  per- 
cent because  this  is  the  maximum  value 
permitted  by  Maryland  specifications  for  the 
lowest  type  of  asphaltic   concrete.     A  maxi- 


mum of  40  percent,  abrasion  loss  is  specified 
for  the  coarse  aggregates  of  the  higher  type 
of  asphaltic  concrete. 

Test  sections 

The  six  test  sections  selected  for  this  study 
were  on  Maryland  roads  constructed  of  dif- 
ferent wearing  course  mixtures  that  conformed 
to  the  Maryland  specifications,  Bituminous 
Concrete,  Specification  "B",  and  Bituminous 
Concrete,  Bank-Run  Gravel  Aggregate.  The 
Los  Angeles  abrasion  wear  loss  test  of  the 
coarse  aggregates  in  these  pavements  ranged 
from  17  to  39  percent.  The  age  of  the  pave- 
ments tested  ranged  from  3  to  12  years  at  the 
time  of  the  last  sampling  in  1959.  The  loca- 
tions of  the  test  sections  and  their  designations 
in  this  report  were:  Section  1,  on  State  Route 
216  between  Laurel  and  Fort  Meade;  section 
2,  on  U.S.  Route  40  in  Frederick;  section  3,  on 
State  Route  4  near  Upper  Marlboro;  section  4, 
on  State  Route  214  near  Davidsonville ;  sec- 
tion 5,  on  U.S.  Route  1  near  Laurel;  and 
section  6,  on  State  Route  24  in  Belair.  The 
wearing  courses  were  constructed  on  old  pave- 
ment structures  of  both  rigid  and  flexible 
types. 

Conclusions 

Specific  conclusions  concerning  this  study 
were  not  considered  warranted  because  of  the 
many  variables  encountered  and  the  limited 
number  of  test  sections.  However,  the  test 
data  did  provide  sufficient  information  to 
justify  the  statements  made  in  the  following 
paragraphs. 

Degradation  of  aggregates 

The  amount  of  degradation  that  can  be 
tolerated  by  the  aggregate  in  a  hot  asphaltic 
concrete  wearing  course  mixture  could  not  be 
definitely  determined.  Only  minor  degrada- 
tion of  the  aggregates  occurred  in  the  tested 
sections  as  a  result  of  construction  compaction 
or  from  subsequent  traffic.  This  minor  degra- 
dation did  not  affect  the  service  behavior  of 
these  pavements. 

The  degradation  of  aggregate  caused  1>> 
steel-tired  roller  compaction  during  construc- 
tion was  slightly  greater  in  pavement  overlying 
a  rigid  pavement  structure  than  for  that  in  a 
similar  pavement  overlying  a  flexible  struc- 
ture. In  relation  to  type  of  underlying  struc- 
ture, the  reverse  was  true  for  degradation  of 
aggregate  caused  by  traffic. 
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Table  1. — Description  of  test  sections 


J  Jute  constructed. 


Wearing  Coi  rse  Mim    i 

\  -plKllt 

Penetration  grade ... 

Amount,  mix  basis percent. 

Coarse  aggregate. 

fine  aggregate  ' 


Aggregate  passing  sieve  -  —has  confusing  appearance. 
i  -  — 

1  inch percent. 

M  inch do... 

neli do... 

No.  1      do... 

No.  Ki     do 

No.  40  do... 

No.  200..  do... 

Pavement  Structi  i 
New  wearing  course: 

Width.  feel 

Thickness inches. 

New  binder  course  thickness do.. 

Underlying  structure: 

Type 

Description  3 - 


Compacting  Eqi  ii 
2-axle  tandem  roller 


3-axle  tandem  roller. 


Construction  Temperatures  (°F.): 

Air 

Mix  at  plant 

Mix  at  paver  hopper 

Mix  at  first  roller  passage 


Section  1 


May  1947 


85-100 

5.5.... 

Slag 

Stone  screenings 
and  sand. 


100. 
83.. 
71.. 
59.. 
32.. 
6... 


Flexible 

Surface  treated 
macadam. 

One  8-ton  and  one 
10-ton. 


71.. 
300. 

275. 
185. 


Section  2 


June  1947 


85-100 

5.5 

Crushed  stone., 
stone  screenings... 


100. 

94.. 

73. 

47.. 

17-- 

8 


30-30. 
2 


Rigid 

Surface  treated 
P.CC 

One  10-ton 


so 
300. 
275. 
210. 


Section  3 


Aug.  1948. 


85-100 

6.2 

Pit-run  gravel. 
Sand 


Rigid-. 
P.CC 


Two  10-ton. 


94.. 
250. 
250. 
140. 


Section  4 


Sept.  1954. 


85-100 

5.1 

Pit-run  gravel 

Stone  screenings 
and  sand. 


24.. 

m- 


Flexible 

Asphaltic  con- 
crete. 


One  8-ton. . 
One  13-ton  _ 


ss 


300. 

140- 


Section  5 


May  1955. 


85-100 

5.1 

Crushed  stone 

Stone  screenings.. 


100. 
75.. 
59.. 
37.. 
19_. 
7... 


Semirigid 

Asphaltic  con- 
crete on  P.CC 


Two  10-ton. 
One  14-ton. 


292 
2NI 
23(1. 


Section  0 


July  1956 


85-100 
5.5 

Crushed  stone. 
Stone  screenings 
and  sand. 


100 

99 

74 

52 

38 

22 

5 


24 

m 

2 

Flexible 

Asphalt,  mac- 
adam. 

One  8-ton. 

One  14-ton. 


90 
290 
250 
250 


i  Sand  used  was  natural  sand. 

-  Average  result  from  two  samples. 

3  P.CC.  signifies  portland  cement  concrete. 


Pavement  densities 

Based  on  the  molding  procedure  of  AASHO 
Method  T  167  and  ASTM  Method  D  1074, 
construction  specifications  requiring  pave- 
ment density  equal  to  98  percent  of  the 
pavement  mixture's  density  established  in 
laboratory  tests  does  not  seem  to  be  unrea- 
sonable and  a  higher  percentage  might  be 
justifiable.  This  statement  is  based  on 
findings  that  the  pavement  densities  after 
construction  compaction  (determined  from 
AASHO  Method  T  167)  ranged  from  95  to 
100  percent  or  more  of  the  densities  recorded 
from  laboratory  tests,  and  in  only  two  cases 
was  this  ratio  less  than  98  percent.  Higher 
percentages  were  obtained  for  pavements 
constructed  over  rigid  bases  than  for  those 
constructed  over  flexible  bases. 

The  results  of  the  study  indicated  that  the 
ultimate  density  of  a  pavement  will  be 
approximately  104  percent  of  the  density 
established  by  laboratory  tests  based  on  the 
molding  procedure  used. 

Air  voids 

Rapid  hardening  of  the  contained  asphalt 
from  pavements  included  in  this  study  was 
attributed  to  a  high  percentage  of  air  voids 
in  the  pavement.  To  prevent  such  rapid 
hardening  of  the  asphalt,  and  perhaps  an 
early  deterioration  of  the  pavement,  the 
asphall  contenl  of  the  dense-graded  surfacing 
mixture  should  be  set  high  enough  to  assure 
a  low  percentage  of  initial  air  voids  in  the 
pavement.  Test  results  from  this  study 
indicated  that  pavement  after  adequate  com- 
paction should  have  a  volume  of  initial  air 
voids  of  no  greater  than  7  percent. 

To  prevent  eventual  flushing  of  asphalt  to 
the  surface  or  an  excessive  loss  in  stability 
of  the  pavement,  the  asphalt  content  of  the 
paving    mixture    should    be    low    enough    to 


permit  retention  of  a  1  or  2  percent  volume 
of  air  voids  when  the  pavement  has  reached 
its  ultimate  density.  From  this  study,  it  is 
noted  that,  in  a  properly  compacted  pave- 
ment, initial  air  voids  of  at  least  5  percent 
generally  will  assure  an  adequate  amount  of 
air  voids,  1  or  2  percent,  when  the  pavement 
reaches  its  ultimate  density. 

On  the  basis  of  pavement  performance  and 
results  of  laboratory  compaction  tests,  the 
6-percent  air  void  criterion  of  the  Bureau  of 
Public  Roads  mix  design  procedure,  in  which 
the  immersion-compression  test  is  used. 
appears  to  be  satisfactory. 

Test  Procedures 

Each  of  the  six  test  sections  used  for  this 
study  represented  an  area  of  the  road  covered 
by  one  truckload  of  mixture,  an  area  of  about 
700   square   feet,    on    a    conventional   paving 


construction  project.  In  each  instance,  the 
truckload  of  material  selected  was  one  that 
appeared  to  represent  the  contractor's  normal 
construction  mixture.  All  observations  pre- 
sented in  this  article  were  based  on  resules 
of  tests  of  samples  obtained  from  these  loads 
of  mixture  and  the  areas  of  pavement  con- 
structed with  them.  A  description  of  the 
composition  of  the  test  sections  is  given  in 
table  1. 

All  mixtures  contained  an  85-100  pene- 
tration grade  of  asphalt;  otherwise,  the  mix- 
tures were  quite  different  in  composition. 
Coarse  aggregates  used  included  slag,  crushed 
stone,  and  pit-run  gravel.  Fine  aggregates 
used  included  stone  screenings,  natural  sand, 
and  combinations  of  these  two  materials. 
The  gradation  of  the  aggregates  varied  in 
nominal  maximum  size  from  %-  to  %-inch; 
in  percentage  passing  the  No.   10  sieve  from 


Table  2. — Characteristics  of  asphalts  used  in  mixtures 


Producer  of  asphalt.. 

Original  asphalt: 

Specific  gravity 77°  F./77"  F 

Flash  point. °  F 

Softening  point °  F 

Penet  rat  ion 

Ductility centimeters 

Bitumen . . .       percent 

Organic  matter,  insoluble percent 

Inorganic  matter,  insoluble percent 

After  standard  oven  test: 

Loss percent 

Penet  rat  ion 

Retained  penetration .percent 

After  thin-film  oven  test: 

Loss percent 

Softening  point __°  F 

Penetration 

Retained  penetration percent 

Ductility centimeters 


Test  section  and  asphalt  identification 


1 .  030 

490 

120 

101 

250+ 
99.  90 
0.06 
0.04 


0.20 
84 
83 


1.017 
530 
115 
90 
205 
99.83 
0.09 
0.08 


0.20 
78 
81 


1.025 
531 
113 
97 
200 
99.85 
0.10 
0.05 


0.10 


1.015 
572 
118 
93 
165 
99.  77 
0.17 
0.06 


0.02 
81 
87 


0.03 
126 

54 

58 

250+ 


1.019 
554 
116 
96 
228 
99.93 
0.07 
0.00 


0.00 
84 
87 


0.00 

125 

60 

62 
218 


1.034 
490 
118 
91 
250+ 
99.  71 
0.25 
(I  01 


0.02 

77 
85 


0.76 
133 

47 

52 
173 
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Table  3. — Traffic  volumes  on  test  sections 


Traffic  lanes 

Date  constructed 

Average  daily  traffic  for  al]  traffic  lanes: 

1947 

1948 ....    

1949 

1950 

1951 

1952 

1953 

1954 

1955 

1956 

1957 

1958 

1959 

Average  per  year  3 

Estimated   average    for   test  section 
lane  < 


Section  1 


May  1947 


560 
700 
790 
830 


=  940 


Section  2 


'  3 
June  1947 


5,760 
6,  430 
6,610 
7,580 

8,760 

8,830 
9,680 

10, 870 

11,500 
12,  310 

11,420 

1 1.9X0 
12,  500 

9,  550 


5,  700 


Section  3 


Aug.  1948 


4,  29(1 

I.N'.III 

5,110 

5,260 

5,  180 
6,010 

6,  urn 

6,490 
6, 220 
6,690 
6,810 

7,420 

5,900 


Section  4 


Sept.  1954 


4,730 

2,980 
3,100 
2,900 
3.  020 
3,  12(1 

3, 120 


1,000 


Section  5 


May  1955 


15,560 
16,  180 
17,550 
18.  450 
15,950 

111,97(1 


Section  6 


July  1956 


3,880 
1,820 
5,  200 
7,480 

5,140 


1  One-way  traffic.     One  lane  is  used  for  parking. 

2  Later  traffic  not  included  as  study  on  this  section  was  discontinued  in  1952. 

3  From  date  of  construction  to  date  of  final  sampling. 

<  Section  2  is  in  right-hand  travel  lane  and  section  5  is  in  left-hand  travel  lane,  and  allowance  was  made  for  differences 
in  volume  of  traffic  between  different  traffic  lanes.    All  values  are  rounded  to  nearest  100. 


37  to  63;  and  in  percentage  passing  the  No. 
200  sieve  from  3  to  8. 

Physical  characteristics  of  the  asphalts 
used  in  the  paving  mixtures  for  each  of  the 
six  test  sections  are  shown  in  table  2.  For 
convenience  each  asphalt  is  identified  by  the 
number  of  its  test  section.  Thin-film  oven 
tests  (AASHO  Method  T  179)  were  performed 
on  asphalts  4,  5,  and  6.  From  these  data,  it 
will  be  noted  that  asphalt  6  had  a  relatively 
high  loss  in  weight,  0.7G  percent,  in  the  thin- 
film  test,  and  its  retained  penetration  was 
considerably    below    that    of    the    other   two 


asphalts  tested.  Asphalts  1,  2,  and  3  were 
not  subjected  to  the  thin-film  oven  test  and 
their  properties  cannot  be  compared  in  a 
similar  manner. 

The  wearing  course  portion  of  the  six 
test  pavements  ranged  in  thickness  from 
l}i  to  2  inches.  Underlying  structures  con- 
sisted of  old  pavements  of  portland  cement 
concrete,  asphaltic  concrete,  or  asphaltic 
macadam. 

Pavement  samples  were  obtained  the  day 
following  construction  and  thereafter  at 
various  intervals.     These  samples  were  taken 


in  the  outer  wheel  path;  they  consisted  of 
slabs,  about  12  inches  square,  cut  from  the 
pavement  with  a  diamond  blade  saw.  After 
each  sample  had  been  tested  for  pavement 
density,  it  was  warmed  so  that  it  could  be 
broken  down  and  remixed  to  obtain  a 
representative  portion  for  use  in  the  centrifuge 
method  of  extracting  bitumen.  The  material 
adjacent  to  the  saw-cut  edges  was  discarded. 

Tests  also  were  made  on  asphalts  recovered 
from  samples  of  loose  mixtures  and  from  most 
samples  of  pavement,  except  for  the  pavement 
samples  taken  immediately  after  construction. 

During  construction,  other  samples  taken 
from  each  project  included  samples  of  the 
asphalt,  the  aggregates  from  which  the 
mixture  was  prepared,  and  a  second  sample 
of  loose  mixture  from  the  truck.  This  latter 
sample  was  kept  hot  in  an  insulated  con- 
tainer and  delivered  to  the  laboratory  for 
use  in  preparing  laboratory  specimens. 

The  type  and  weight  of  rolling  equipment 
used,  shown  in  table  1,  was  typical  of  that 
employed  in  pavement  construction  by  the 
State  of  Maryland. 

The  temperatures  of  mixtures  as  they  were 
prepared  and  delivered  were  considered 
normal.  For  two  test  sections,  the  mixture 
behind  the  spreader  was  not  rolled  until  it 
had  reached  a  temperature  of   140°   F. 

Traffic  intensity  over  the  six  sections  varied 
considerably.  Table  3  reports  recorded  traffic 
data  by  year  for  the  entire  road  width  and 
shows  the  estimated  traffic  intensity  for  the 
particular  traffic  lane  of  each  test  section,  the 
average  daily  traffic  ranging  from  400  to  5,700. 
Test  sections  2  and  3  carried  20  and  10  percent 


Table  4. — Progressive  changes  in  gradation  of  aggregate 


Section 
No. 


Type  of  base 


Flexible. 


Rigid. 


Rigid. 


Flexible 


Semirigid. 


Flexible. 


Traffic 
in  test 
lane  ' 


A.D.T. 

400 


5,700 


3.0(1(1 


I. Mill 


3,400 


2,600 


Coarse  aggregate 


Slag. 


Pit-run  gravel . 


Fit-run  gravel. 


Stone . 


Stone 


Los 

Angeles 
abrasion 
test  loss 


Pel. 
32 


39 


32 


Age  of 
pave- 
ment 


Years 
(3) 
0 

1.4 
5.4 

m 

0 

1.5 
5.4 
7.9 
9.1 
12.0 

(3) 
0 

4.2 
6.7 
7.9 
10.7 

W 

0 

1.8 

4.6 

(3) 
0 

1.2 
4.0 

(3) 
0 

1.4 
2.8 


Properties  of  extractecraggregate 


Gradation,  percentage  passing  sieve 


■'-inch 


100 
100 
100 
100 

100 
100 

111(1 

100 
100 
100 
100 


97 
98 
97 
100 
97 

93 
90 
95 
97 

100 

100 
100 
100 

99 
100 
100 


■s-iuch 


83 
80 
85 
84 

91 
93 
94 
92 
93 
92 
96 

84 
81 
86 
85 
89 
87 

75 
76 
79 
80 

75 
74 
83 
79 

71 
72 
77 
78 


No.  4 


71 
70 
74 
75 

73 

74 
74 
72 
74 
70 


74 
73 
75 
72 
70 
75 

64 

64 
68 
69 

59 
58 
62 
60 

55 
55 
58 
62 


No.  10 
6 


59 
66 
63 
66 

47 
49 
is 
48 
48 
47 
49 

63 
62 
64 
62 
65 
65 

51 
51 
54 
56 

37 
37 
41 
40 

38 
40 
41 
45 


No.  20 


49 
54 
51 
53 

20 
30 
30 
30 
30 
28 
31 

50 
50 
52 
52 
52 
52 

37 
37 
40 
42 

29 
29 
31 
32 

30 
33 
34 
30 


No.  10 

it 


32 
35 
31 
33 

17 
22 
21 
21 
20 

21) 

22 

28 
29 
28 
29 
30 
30 

21 
22 
24 
20 

19 
20 
21 
22 

22 
24 
26 
26 


No.  80 


IS 

II 
11 
14 

11 
14 
14 
14 
11 
14 
15 

8 
9 
9 
9 
10 
9 

9 
9 
11 
12 

11 
12 
13 
14 

11 
12 

13 
13 


No.  200 
/ 


6.3 

7.0 

7.8 
8.2 

8.0 
9.8 
10.0 
10.1 


4.9 
4.3 

4.2 
4.(1 
6.5 
5.5 

6.8 
7.3 

7.9 

7.2 

5.4 
5.7 
5.5 
G.  1 


Surface 


Sg.ft.llb. 

42 
44 
44 
45 

35 
41 
41 
42 
42 
41 
43 

31 

33 
34 
34 
30 
35 

29 
30 
36 
36 

32 
34 
37 
3G 

31 
33 
34 

3(1 


Increase  in  surface 
area  atti  ibuted  to 


( ionstruc- 

tion  com- 

paci  ion 


Sg.  ft./lb. 


Traffic 


Sg.  ft./lb. 


•> 

0 

1 

6 

0 

1 

1 

0 

2 

2 

1 

1 

3 

2 

1 

(1 

6 

2 

3 

2 

2 

1 

2 

a  Derived  from  formula:  Surface  area=2+0.02a+0.07o+0.11c+0.26r;+0.66H-l-66/.    (See  symbols  underneath  sieve  sizes.)    This  formula  gives  surface  areas  comparable  to  those  ob- 
tained by  the  California  method. 

3  Loose  mix  at  time  of  construction. 
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commercial  vehicles,  resped  ively;  similar  data 
are    not    available    for    the    other   four    I 
sections. 

Initial  plans  called  for  obtaining  informa- 
tion on  the  degradation  of  aggregates  caused 
by  the  mixture's  passage  through  the  paver. 
Samples  of  loose  mixtures  both  from  the  truck 
and  from  behind  the  paver  were  taken  for  this 
purpose.  It  soon  became  evident  that  normal 
experimental  error  in  sampling  and  testing 
obscured  such  minor  degradation  as  might 
have  occurred.  To  reduce  the  effect  of  these 
sampling  inconsistencies,  a  decision  was  made 
to  average  the  aggregate  gradations  for  the 
two  loose  mixtures  of  each  test  section.  These 
averages  are  the  gradations  shown  in  table  1. 

Aggregate  Degradation 

Table  4  shows,  for  the  six  test  sections,  the 
gradations  of  the  aggregates  in  the  loose  mix- 
ture and  in  the  pavement  samples  as  deter- 
mined by  AASHO  Method  T  30,  as  well  as  the 
type  of  underlying  structure,  average  daily 
traffic,  and  Los  Angeles  abrasion  test  wear 
loss.  In  addition,  the  table  shows  the  com- 
puted values  of  surface  area  per  pound  of  ag- 
gregate and  the  increase  in  surface  area  that 
may  be  attributed  to  degradation  of  aggregates 
caused  by  construction  compaction  and  traffic. 
Aggregate  surface  area  was  chosen  as  a  means 
of  judging  degradation  because  surface  areas 
are  sensitive  to  changes  in  grain  size  of  aggre- 
gates. Degradation  of  aggregate  is  indicated 
by  increasing  values  of  surface  area. 

The  aggregate  surface  areas  shown  in  table 
4  were  computed  according  to  the  formula  at 
the  bottom  of  the  table.  The  surface  area 
factors  of  the  formula  were  derived  mathe- 
matically and  are  based  on  the  factors  used  by 
California  (1) 2  for  a  different  set  of  sieve  sizes. 
Surface  areas  reported  in  the  table  have  values 
equivalent  to  those  computed  by  the  Califor- 
nia procedure. 

For  simplicity,  the  data  on  degradation  of 
aggregates  occurring  during  construction  and 
those  on  degradation  occurring  under  traffic, 
as  measured  by  changes  in  area,  are  tabulated 
in  table  5.  The  data  are  grouped  according 
to  the  type  of  underlying  pavement  structure, 
and  within  each  such  group  arranged  in  the 
order  of  magnitude  of  their  respect  ive  values  of 
the  Los  Angeles  abrasion  wear  loss. 

Degradation  from  construction  compaction 

The  increase  in  aggregate  surface  area  under 
construction  compaction  with  steel-tired  roll- 
ers, as  shown  in  table  5,  indicates  that  the  con- 
st met  ion  operation  apparently  caused  deg- 
radation of  the  aggregate  for  all  lest  sections. 
The  increase  in  surface  area  was  no  more  than 
2  square  feet  per  pound  for  five  of  the  test 
sections  and  this  is  not  considered  significant. 
The  increase,  in  surface  area  of  G  square  feet 
per  pound  of  aggregate  noted  for  test  section 
2  may  be  significant,  however. 

For  the  test  sections  constructed  over  rigid 
bases,  the  data  show  an  average  increase  in 
aggregate  surface  area  of  4  square  feet  per 
pound,  bui  the  average  increase  was  only  2 
square  feel  for  those  test  sections  constructed 


Table  5. — Effect  of  construction  compaction  and  traffic  on  degradation  of  aggregate 


Type  of  base  and 
section  No. 

Los 

Angeles 
abrasion 

test 

loss 

Effect  of  construction 

compaction:' 

Aggregate  surface  area- 

Effect  of  traffic 

Prior  to 

com- 
paction 

After 
com- 
paction 

Iiicn  mm- 
attrib- 
uted to 
construc- 
tion com- 
paction 

Traffic 
in  test 
lane  2 

Age  of 
pave- 
ment 

Accumu- 
late'] 
traffic  s 

Increase  in  aggre- 
gate surface  area 
at  tributed  to  traffic 3 

For 
accumu- 
lated 
traffic 

For  first 
million 
vehicles 

Flexible: 

Pit. 
17 

32 

39 
29 

32 
18 

39 

28 

Si.  JUI 
lb. 

31 

42 

29 
34 

32 
35 

31 
33 

Sq.  JUI 
lb. 

33 

44 

30 
36 

34 

41 

33 

37 

Sq.ft.l 
lb. 

2 

2 

1 
2 

2 
6 

2 
4 

A.D.T. 

2,600 

400 
1,600 

2,400 
5,700 

3,000 

Years 

1      2.8 

f       1.4 
\      5.4 

J      1.8 
\      4.6 

/      1-2 

\       4.0 

f       1.5 
5.4 
7.9 
9.1 

I     12. 0 

!  " 

I       7.9 
{     10.7 

Million 
vehicles 

1 

3 

1 

1 
3 

2 
5 

3 
11 

16 
19 
25 

5 
7 
9 
12 

Sq.  JUI 

lb. 

1 
2 

0 
1 

6 

6 

3 
2 

0 

1 
1 
0 
2 

1 
1 
3 
2 

Sq.Jt.l 
lb. 

}        ' 
}        1 
]        6 

}       2 
0 

Semirigid: 
Sect  ion  5 

Rigid: 

Compacted  with  steel-wheel  rollers. 
;  Approximate.    See  table  3. 
1  Rounded  to  whole  numbers. 


over  semirigid  or  flexible  bases.  This  is  consid- 
ered an  indication  that  more  degradation  of 
aggregate  occurs  when  pavement  is  construc- 
ted over  rigid  bases  than  over  semirigid  or 


flexible  bases.  This  indication  is  strengthened 
by  the  fact  that  the  grouped  data  show  about 
the  same  averages  for  the  Los  Angeles  abrasion 
test  loss  and  for  surface  area  of  aggregate  prior 


Table  6. — Density  and  change  in  density  of  asphalt  pavement  mixtures  and  pavement 


'  References  cited  by  italic  numbers  in  parentheses  are 
listed  on  page  228. 


Type  of  base  and  section  No. 

Age  of 
pavement 

Accumu- 
lated 
traffic  i 

Pavement  density 

Density  of 
sample 

Relation  of 
pavement 
density  to 
laboratory 
density 

Increase  in 
pavement 

density 
from  traffic 

Flexible: 

Years 

j    P 

1.4 
I        2.8 

f        (2) 

?, 
[        5.4 

1.8 
I        4.6 

{    I 

{        4.0 

(        (2) 
0 
1.5 

(         5.4 
7.9 
9.1 

(      12.0 

f         (2) 
0 

4.2 
6.7 
7.9 

I       10.7 

Million 
vehicles 

0 

0 

1 

3 

0 
0 

1 

0 
0 
1 
3 

0 
0 
2 

5 

0 

0 

3 
11 
16 
19 
25 

0 
0 

5 

7 

9 

12 

Lb. Icu.  ft. 
149.4 
144.3 
150.1 
150.4 

134.7 
131.7 
136.2 
138.8 

141.5 
133.9 
141.3 
142.5 

158.7 
155.4 
160.5 
161.2 

148.8 
147.4 
150.6 
153.2 
152.  7 
153  9 
154.0 

136.0 
135.7 
141.6 
141.9 
141.4 
141.9 

Percent 

96.6 
100.5 
100.7 

97.7 
lllf.l 
103.1 

94.6 
99.9 
100.7 

97.9 
101.1 

101.6 

9'.l  n 
101.2 

102.  9 
102.6 

103.  4 
103.5 

99   S 
104.1 
104.3 
103.9 
104.3 

Lb. Icu.  ft. 

5.8 
6.1 

4.5 
7.1 

7.4 
8.6 

5.1 
5.8 

3.2 

5.8 
5.3 
6.5 
6.6 

5.9 
6.2 

5.7 
6.2 

Semirigid: 
Section  5 _  

Rigid; 
Section  2  ._ _  _ _ 

Section  3. _      _        .  _  .  __ 

1  Rounded  to  whole  numbers. 

2  Laboratory  samples  of  hot  mixture  from  field,  molded  by  compaction  procedure  of  AASHO  Method  T167. 
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to  compaction.  From  a  study  of  the  data  of 
table  5,  it  is  obvious  that  the  magnitude  of  the 
Los  Angeles  abrasion  test  loss  cannot  be  re- 
lated satisfactorily  to  degradation  of  aggre- 
gates caused  by  construction  compaction  as 
measured  by  increase  in  the  surface  area  of 
the  aggregates. 

Degradation  from  traffic 

The  last  group  of  columns  in  table  5  contains 
data  on  the  degradation  of  aggregate  caused 
by  traffic,  as  indicated  by  increases  in  aggre- 
gate surface  area.  Data  are  provided  on  the 
estimated  total  number  of  vehicles  that  had 
passed  over  each  test  section  prior  to  each 
sampling;  the  increase  in  aggregate  surface 
area  attributed  to  the  traffic;  and  the  increase 
in  surface  area  after  the  passage  of  the  first 
million  vehicles,  which  was  calculated  by 
interpolation  or  extrapolation. 

The  increase  in  surface  area  of  the  aggregate 
attributable  to  traffic  was  negligible  for  all 
test  sections  except  No.  4,  which  showed  an 
increase  of  6  square  feet  per  pound  after  pas- 
sage of  1  million  vehicles. 

All  other  conditions  being  comparable,  the 
data  show  that  traffic  compaction  caused 
slightly  greater  degradation  of  aggregates  in 
pavements  built  over  flexible  bases  than  in 
pavement  placed  over  rigid  bases.  It  will 
be  noted  that  averages  of  abrasion  losses  and 
of  surface  area  of  the  aggregates  prior  to  traffic 
for  the  pavements  constructed  over  flexible 
bases  are  comparable  to  those  for  the  pave- 
ments constructed  over  rigid  bases.  How- 
ever, compaction  from  passage  of  1  million 
vehicles  caused  increases  in  surface  areas  of 
1,  1,  and  6  square  feet  per  pound,  respectively, 
for  the  three  test  sections  overlying  flexible 
bases;  but  for  the  two  sections  overlying  rigid 
bases,  no  increase  in  surface  area  was  recorded 
for  one  and  an  increase  of  1  square  foot  per 
pound  was  recorded  for  the  other.  Thus,  as 
might  be  expected,  degradation  of  aggregates 
resulting  from  traffic  has  a  reverse  relationship 
to  the  type  of  underlying  structure  from  that  of 
degradation  caused  by  construction  compaction. 

The  data  in  table  5  indicate  no  significant 
relationship  between  results  of  the  Los  Angeles 
abrasion  test  and  the  degradation  of  aggregate 
from  either  construction  compaction  or  traffic. 
Aggregate  degradation  measured  by  changes 
in  surface  area  was  insignificant  in  most 
instances  and  had  no  apparent  effect  on  pave- 
ment performance. 

Pavement  Densities 

A  comparison  of  the  densities  of  the  pave- 
ment mixture  as  originally  determined  for 
laboratory  samples,  as  subesquently  found  for 
samples  of  the  pavement  after  construction, 
and  after  varying  periods  of  traffic  service,  is 
presented  in  table  6.  Comparison  of  these 
data  with  those  presented  in  table  5  reveals 
little  or  no  relation  between  aggregate  degra- 
dation and  pavement  densification. 

Densities  for  laboratory  specimens  shown 
in  table  6  were  obtained  from  tests  made  on 
three  or  more  4-  by  4-inch  cylindrical  speci- 
mens of  hot  field  mixtures  that  were  molded 
under  a  static  load  of  3,000  p.s.i.  using  the 


double  plunger  method  (AASHO  Method  T 
167  or  ASTM  Method  D  1074). 

The  primary  purpose  of  determining  density 
in  the  laboratory  was  to  provide  a  basis  for 
checking  the  adequacy  of  construction  com- 
paction. Because  the  contractor  was  not 
requested  to  deviate  from  his  regular  pro- 
cedure, the  control  of  compaction  was  that 
normally  required  by  the  State  of  Maryland. 
In  all  instances,  the  density  after  construction 
compaction  was  essentially  between  95  and  100 
percent  of  the  density  of  laboratory  specimens. 
Section  4,  with  the  lowest  relative  construction 
density,  95  percent,  showed  the  highest  in- 
crease in  density  from  traffic  compaction. 

Construction  compaction  densities  had  a 
higher  percentage  of  relationship  to  laboratory 
densities  for  the  test  sections  overlying  rigid 
bases  than  for  those  overlying  flexible  bases. 
This  confirms  the  widely  held  belief  that  a 
firm  base  is  more  conducive  to  high  density 
compaction  of  surfacing  material  than  a 
yielding  base.  In  all  test  sections,  traffic  com- 
paction caused  a  considerable  increase  in 
density. 

Test  sections  2  and  3,  constructed  on  rigid 
bases,  appeared  to  have  reached  ultimate  den- 
sities after  12  and  7  years  of  service  and  after 
passage  of  25  and  7  million  vehicles,  respec- 
tively. This  ultimate  pavement  density  was 
approximately  104  percent  of  laboratory  den- 


sity. None  of  the  other  test  sections  appears 
to  have  reached  ultimate  density  but,  with 
the  exception  of  section  1,  none  has  been  in 
service  more  than  5  years  or  has  carried  total 
traffic  of  more  than  5  million  vehicles. 

Section  1  was  constructed  in  the  same  year 
as  section  2  but  was  surface  treated  soon  after 
the  5.4-year  period  of  sampling.  The  section 
was  sampled  a  few  times  after  application  of 
this  treatment  but  the  test  results  were  not 
comparable  with  those  obtained  from  samples 
prior  to  treatment  because  of  enrichment  of 
the  top  portion  of  the  pavement.  This  section 
was,  therefore,  discontinued  as  a  part  of  the 
study  after  5.4  years  of  service. 

Air  Voids 

Pavement  performance 

The  volume  of  contained  air  voids,  which 
is  a  function  of  asphalt  content  for  a  particular 
aggregate,  is  an  important  factor  affecting  the 
performance  of  a  dense-graded  pavement.  A 
low  percentage  of  air  voids  in  a  pavement 
(high  asphalt  content)  creates  conditions  con- 
ducive to  rutting  or  shoving  of  the  pavement 
or  to  surface  bleeding.  Too  high  a  percentage 
of  air  voids  (low  asphalt  content)  creates  con- 
ditions conducive  to  rapid  hardening  of  the 
asphalt,  which  may  result  in  early  deteriora- 
tion of  the  pavement  from  surface  pitting, 
raveling,  or  cracking. 


Table  7. — Properties  of  original  and  recovered  asphalt  compared  with  pavement  age  and 

percentage  of  air  voids 


Section  No. i  and  source  of  sample 


Section  2: 
Original  asphalt. __ 

Loose  mix  2 -.- 

Pavement  at  age — 
0  years. 

1.5  years 

5.4  years 

7.9  years... 

9.1  years - 

12.0  years 

Section  5: 
Original  asphalt... 

Loose  mix  2 

Pavement  at  age — 
0  years 

1.2  years 

4.0  years 

Section  6: 
Original  asphalt- .- 

Loose  mix  2 

Pavement  at  age— 

0  years.. 

1.4  years. 

2.8  years. --- 

Section  3: 

Original  asphalt. .. 

Loose  mix2 

Pavement  at  age — 

0  years - 

4.2  years... 

7.9  years 

10.7  years 

Section  4: 
Original  asphalt. .. 

Loose  mix  2 

Pavement  at  age — 

0  years 

1.8  years -.- 

4.6  years 

Section  1: 
Original  asphalt.  _. 

Loose  mix  2 

Pavement  at  age — 

Oyears 

1.4  years 

5.4  years 


Properties  of  original  and  recovered  asphalt 


Air  voids 

Penetration 

Eetainod 
penetration 

Softening 
point 

Ductility 

Percent 
4.8 

96 
80 

Percent 
83 

115 
123 

Cm. 

205 

203 

5.7 
3.6 
2.0 
2.3 
1.5 
1.4 

78 
59 

50 

81 
62 

56 

121 

127 

127 

210+ 
240 

198 

3.6 

96 
77 

80 

116 
120 

228 
210 

5.6 
2.5 
2.1 

62 
54 

65 
56 

125 

128 

250+ 
250+ 

4.1 

91 
84 

92 

118 
123 

250+ 
250+ 

7.4 
3.6 
3.5 

48 
35 

53 
38 

133 
139 

250+ 
173 

9.4 

97 
86 

88 

113 

117 

200 
150+ 

9.6 
5.7 
5.8 
5.5 

45 
29 
30 

46 
30 
31 

133 
142 
139 

175+ 

138 

98 

7.0 

93 

78 

84 

118 
122 

165 
222 

11.9 
7.1 
6.3 

41 
30 

44 
32 

133 

139 

198 
64 

12.6 

101 

120 

250+ 

14.5 

11.6 

9.9 

40 

30 

40 
30 

139 
150 

92 
33 

i  Arranged  in  sequence  according  to  air  void  content  of  most  recent  sample. 
SAir  voids  shown  are  for  laboratory  molded  specimens. 
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Table  7  and  figure  1  show  the  effect  of  the 
percentage  of  air  voids  and  pavement  age  on 
changes  in  ductility  and  retained  penetration 
of  the  contained  asphalt  used  in  construction 
Of  the  Six  test  sections.  The  percentages  of 
air  voids  were  computed  from  the  density 
data,  recorded  in  table  6,  and  the  maximum 
.specific  gravities  of  the  mixtures  shown  in 
table  8.  Data  are  also  presented  in  table  8 
on  specific  gravity  and  absorption  for  the 
aggregate  portion  of  mixture;  these  data  may 
be  used,  if  desired,  for  computing  the  per- 
centages of  voids  by  other  methods. 

The  data  for  the  various  test  sections  have 
been  arranged  in  table  7  and  figure  1  in 
sequence  according  to  the  magnitude  of 
volume  of  air  voids,  as  most  recently  deter- 
mined. Thus  section  2,  with  the  lowest 
percentage  of  voids  at  the  latest  testing,  is 
placed  first. 

The  percentages  of  air  voids  for  the  labora- 
tory molded  specimens  are  also  shown  in 
table  7.  The  molding  procedure  followed 
for  this  study  was  that  used  by  the  Bureau 
of    Public    Roads    in    its    current    method    of 


Table  8. — Specific  gravily  and  absorption  data 


Mixture:  Maximum  specific  gravity  > 

Aggregate: 

Bulk  specific  gravity 

Effective  specific  gravity 

Apparent  specific  gravity 

Asphalt  absorption,  by  weight percent  2_. 


Material  from  section- 


2.  409 


2.59 
2.69 
2.76 
1.5 


2.504 


2.73 

2.74 

2.78 

.1 


2.57 
2.64 
2.66 
1.0 


2.  437 


2.  55 
2.64 
2.67 
1.4 


2.638 


2.87 

2.88 

2.92 

.1 


2.  498 


2.68 

2.72 

2.72 

.6 


i  By  Rice  vacuum  saturation  procedure  (2)  using  loose  mixture  broken  down  from  most  recent  pavement  sample. 
( Computed. 


mix  design  (3)  for  wearing  course  mixtures. 
In  this  procedure,  the  asphalt  content  for  a 
pavement  to  be  subjected  to  light,  medium,  or 
heavy  traffic  is  set  at  the  value  that  will 
produce  air  voids  of  6  percent  in  the  laboratory 
specimen. 

On  the  basis  of  this  6-percent  air  void  cri- 
terion, tests  on  the  molded  laboratory  speci- 
mens showed  that  the  pavement  mixtures  for 
test  sections  2,  5,  and  6,  with  air  voids  of 
4.8,    3.6,    and   4.1    percent   respectively,    con- 
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SECT. 
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tained  excess  asphalt.  To  date,  the  pave- 
ment in  these  test  sections  has  not  shown 
evidence  of  excessive  rutting  or  bleeding 
However,  incipient  bleeding  did  develop  in 
the  pavement  of  test  section  2  after  about  6 
years  of  service.  The  tests  on  the  molded 
laboratory  specimens  from  test  sections  3,  4 
and  1,  which  produced  air  voids  of  9.4,  7.0. 
and  12.6  percent,  respectively,  showed  that 
the  pavement  in  these  sections  was  deficient 
in     asphalt.     The     pavement     of    section 
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AGE      OF    PAVEMENT  —   YEARS 

Figure  1. — Effect  of  percentage  of  air  voids  on  age  hardening  of  asphalt . 
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began  to  show  evidence  of  slight  surface 
pitting  after  10  years  of  service  and  that  of 
section  4  after  approximately  2  years  of 
sen  ice. 

The  pavement  of  test  section  1  began  to 
deteriorate  rather  severely  early  in  its  life. 
After  about  6  years  of  service  this  pavement 
had  developed  such  extensive  hair  cracking 
and  surface  pitting  that  a  surface  treatment 
was  required.  Based  on  the  immersion-com- 
pression method  of  mix  design,  which  accounts 
for  asphalt  absorption,  the  mixture  for  this 
pavement  was  deficient  in  asphalt  by  more 
jjthan  2  percentage  points. 

The  test  data  on  pavement  performance 
and  the  percentage  of  air  voids  obtained  from 
tests  on  the  laboratory  specimens,  tend  to 
confirm  the  validity  of  the  6-perceni  air 
void  criterion  of  the  current  mix  design 
procedure  used  by  the  Bureau  of  Public 
Roads.  The  6-percent  value  is  greater  than 
the  4.8-percent  value  of  the  laboratory  speci- 
men of  section  2,  which  developed  incipient 
bleeding;  and  less  than  the  value,  developed 
for  specimens  of  sections  3,  4,  and  1,  which 
showed  distress  in  the  form  of  pitting  or 
cracking. 

Asphalt  hardening 

The  effect  of  the  volume  of  air  voids  in  the 
Pavement  on  the  rate  of  change  in  the  charac- 
teristics of  the  contained  asphalt  also  is  shown 
in  table  7  and  illustrated  in  figure  1.  The  set 
of  curves  at  the  top  of  the  figure  are  individual 
plots  of  air  voids  versus  pavement  age  for  each 
of  the  six  test  sections.  The  individual  plots 
have  been  arranged  in  the  same  sequence  of 
test  sect  ions  as  in  table  7,  as  already  described. 
The  two  sets  of  curves  in  the  center  and  bot- 
tom of  figure  1  are  corresponding  plots  of 
retained  penetration  and  ductility  of  the 
asphalt  recovered  from  pavement  samples. 
A  combination  of  low  penetration  and  low 
ductility  is  undesirable  because  it  has  been 
related  to  deterioration  or  impending  failure 
of  pavement  in  the  form  of  cracking,  pitting, 
or  raveling  (4,  5).  The  rate  at  which  such 
changes  occur  will  be  indicative  of  the  length 
of  satisfactory  pavement  performance. 

Because  all  asphalts  of  the  study  were  of  an 
85-100  penetration  grade,  the  plotted  values 
of  percentages  of  retained  penetration  corre- 
spond very  closely  to  actual  values  of  penetra- 
tion. From  a  comparison  of  the  plotted 
results  for  retained  penetration  with  those  for 
air  voids,  it  is  evident  that  the  percentage  of 
air  voids  in  the  pavement  affects  the  rate  of 
hardening  of  the  asphalt.  Except  for  test 
section  6,  the  higher  percentages  of  air  voids 
in  several  test  sections  resulted  in  increasing 
rates  of  loss  in  retained  penetration  during  the 
early  life  of  the  pavement.  The  results  of  the 
thin-film  oven  test  (see  table  2)  indicated  that 
the  asphalt  used  for  test  section  6  was  more 
susceptible  to  hardening  than  the  other  two 
asphalts  subjected  to  this  test;  this  might 
account  for  the  faster  hardening  of  asphalt  in 
the  pavement  of  section  6  than  occurred  in  the 
pavement  of  test  sections  3  and  4,  which  had 
higher  percentages  of  air  voids. 

Comparison  of  the  plotted  results  for  duc- 
tility with  the  plotted  percentage  of  air  voids 
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shows  a  very  pronounced  effect  of  the  volume 
of  air  voids  on  changes  in  the  ductility  of  the 
asphalt.  It  is  noted  that  the  asphalt  ductility 
did  not  drop  below  150  centimeters  for  the 
three  test  sections  containing  the  asphalts 
with  the  lowest  percentages  of  air  voids.  In 
the  asphalts  of  the  other  three  test  sections 
(3,  4,  and  1),  the  ductility  fell  below  150  cen- 
timeters; and  the  rate  of  decrease  corresponded 
to  the  increasing  percentage  of  air  voids.  The 
asphalt  in  test  section  1,  with  the  highest  per- 
centage of  air  voids,  had  the  lowest  ductility 
of  any  test  section  in  this  study,  and  it  was 
this  section  that  required  surface  treatment 
after  approximately  0  years  of  service. 

Figure  2  further  shows  the  relation  of  the 
percentage  of  air  voids  in  the  pavement  to  the 
rate  of  change  in  retained  penetration  or  hard- 
ening of  the  contained  asphalt.  In  this  figure, 
the  percentage  of  initial  air  voids  in  the  pave- 
ment is  plotted  against  the  retained  penetra- 
i  ions  of  the  asphalts  after  4  years  of  pavement 
service.  Retained  penetrations  were  deter- 
mined from  the  penetration  values  of  the 
asphalt  recovered  from  the  loose  mixture, 
after  mixing;  and  from  the  values  after  4  years 
of  service,  obtained  by  interpolation  or  extrap- 
olation of  the  data  from  table  7.  Figure  2 
shows  that,  except  for  test  section  6,  the 
greater  the  percentage  of  initial  air  voids  in  the 
pavement,  the  faster  the  rate  at  which 
hardening  of  the  contained  asphalt  occurs: 
For  example,  pavements  in  the  test  sections 
with  a  range  in  initial  air  voids  of  from  6  to  10 


LU 
O 

or 

Q- 

I 


80 


percent  exhibited  a  range  of  from  72  to  49 
percent  in  retained  penetration. 

From  consideration  of  the  data  illustrated 
by  figures  1  and  2  and  shown  in  table  7,  it 
may  be  concluded  that  a  pavement  with  a 
volume  of  air  voids  appreciably  greater  than 
7  percent  at  the  time  of  its  construction  will 
have  a  relatively  rapid  rate  of  asphalt 
hardening. 

The  minimum  percentage  of  air  voids  de- 
sired for  pavement  as  compacted  in  construc- 
tion, of  course,  depends  on  the  probable 
percentage  of  air  voids  that  will  remain  when 
the  pavement  has  reached  its  ultimate  density. 
If  the  percentage  of  air  voids  is  too  low  at  the 
time  of  construction  compaction,  eventual 
bleeding  or  loss  of  pavement  stability  will 
occur.  The  pavement  of  test  section  2,  which 
developed  incipient  bleeding,  probably  could 
not  have  tolerated  an  appreciable  increase  in 
asphalt;  it  was  adequately  compacted  and  had 
5.7  percent  initial  air  voids.  It  therefore 
appears  that,  for  best  assurance  of  satisfactory 
performance,  a.  dense-graded  asphaltic  con- 
crete pavement  should  have  an  air  void  volume 
of  5  to  7  percent  immediately  after  construc- 
tion, assuming  adequate  compaction.  Because 
percentage  of  air  voids  is  controlled  primarily 
by  the  asphalt  content  for  a  particular  aggre- 
gate, the  limits  previously  described  provide 
a  good  basis  for  making  proper  field  adjust- 
ment of  asphalt  content  based  on  the  deter- 
minations of  percentage  of  air  voids  in 
pavement  samples  after  adequate  compaction. 
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Figure  2. — Effect  of  initial  percentage  of  air  voids  in  pavement. 
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(1)  Pavement  Section;  Test  Method  308-B, 
Jan.  1056,  Method  of  Test  for  Centrifuge 
Kerosene  Equivalent,  Including  K-Factor,  Cali- 
fornia Materials  Manual  of  Testing  and 
Control  Procedures,  p.  1. 

(2)  Maximum  Specific  Gravity  of  Bituminous 
Mixtures  by  Vacuum  Saturation  Procedure,  by 
J.  M.  Rice,  ASTM  Special  Technical  Publi- 


The  Bureau  of  Public  Roads  has  recently 
produced  a  40-  by  25}4-inch  map  of  the  United 
Slides  showing  the  routes  of  the  National 
System  of  Interstate  and  Defense  Highways, 
the  Federal-aid  Primary  Highway  System, 
and  the  U.S.  Numbered  Highway  System. 
The  map,  printed  in  red,  green,  and  black, 
is  drawn  to  a  scale  of  1  inch  equals  80 
miles  (1:5,000,000).  The  new  map  is  avail- 
able from  the  Superintendent  of  Docu- 
ments,    U.S.    Government     Printing    Office, 
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cation  No.   191,  June  1956,  pp.  43-71. 

(3)  Use  of  the  Immersion-Compression  Test 
in  Evaluating  and  Designing  Bituminous 
Paving  Mixtures,  by  J.  F.  Goode,  ASTM 
Special  Technical  Publication  No.  252,  June 
1959,  pp.  113-125. 

(4)  A  Study  of  Bituminous  Concrete  Pave- 
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New  US.  Highway  Map 


Washington  25,  D.C.,  at  25  cents  per  copy. 
For  the  41,000-mile  National  System  of 
Interstate  and  Defense  Highways,  commonly 
called  the  Interstate  System,  the  locations  of 
all  routes  are  shown  on  the  map,  but  only 
about  one-fourth  of  the  mileage  is  open  to 
traffic  at  present.  The  System  is  scheduled  for 
completion  by  1972.  The  Federal-aid  Pri- 
mary System  totals  about  224,000  miles  (ex- 
clusive of  the  Interstate  System) ;  the  great 
majority  of  its  routes  are  parts  of  the  State 


Ohio  Department  of  Highways  and  the  Divi- 
sion of  Tests,  Public  Roads  Administration, 
Public  Roads,  vol.  22,  No.  6,  Aug.  1941,  pp. 
129-144. 

(5)  Studies  of  the  Hardening  Properties  of 
Asphaltic  Materials,  by  J.  T.  Pauls  and  J.  Y. 
Welborn,  Public  Roads,  vol.  27,  No.  9,  Aug. 
1953,  pp.  187-202. 


highway  systems.  The  U.S.  Numbered  Sys- 
tem, 170,000  miles  in  extent,  was  devised  by 
the  American  Association  of  State  Highway 
Officials  as  a  means  for  guiding  travelers,  and 
does  not  designate  Federal-aid  highways. 
However,  most  U.S.  numbered  routes  are 
on  the  road  systems  eligible  for  Federal 
aid. 

It  should  be  noted  that  while  the  map  will 
serve  a  variety  of  useful  purposes,  it  is  not  a 
touring  or  road-condition  map. 
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A  digital  recording  instrument  in- 
stalled on  the  back  seat  of  a  rear 
test  car,  and  two  cars  with  a  com- 
munications system  installed  on  the 
lead  car,  which  were  used  for  the 
study  on  intervehicle  spacing,  The 
Effect  of  Speed  Change  Information 
on  Spacing  Between  Vehicles,  ap- 
pearing in  this  issue. 
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The  Effect  of  Speed  Change  Information 
on  Spacing  Between  Vehicles 


BY  THE  TRAFFIC  OPERATIONS  DIVISION 
BUREAU  OF  PUBLIC  ROADS 


Reported  '  by  RICHARD  M.   MICHAELS,  Research  Psychologist, 
and  DAVID  SOLOMON,  Highway  Research  Engineer 


Variations  in  the  spacing  maintained  between  vehicles  has  been  attributed 
primarily  to  the  drivers'  reactions  to  changes  in  tlie  speed  of  the  preceding 
vehicle.  On  this  basis,  tests  ivere  conducted,  with  two-  and  three-cur  queues, 
in  which  a  communications  system  was  employed  to  transmit  advance  speed 
change  information  to  tlte  driver  of  a  rear  test  car.  Test  data  were  analyzed  to 
determine  the  effectiveness  of  the  communications  system — the  test  drivers' 
responses  tvere  stmlied  to  determine  uhether  intervehicle  spacing  had  been 
modified  as  the  result  of  transmission  of  the  advance  speed  change  information. 

This  study  ivas  undertaken  because  intervehicle  spacing  is  considered  to  be  one 
of  tlte  more  important  factors  affecting  the  stability  of  car -following  patterns 
and  thereby  influencing  the  volume  of  traffic  that  can  be  moved  on  a  highway . 
Analysis  of  the  tivo-car  test  data  indicated  that  use  of  a  communications  system, 
similar  to  the  one  employed  in  the  study  reported  here,  could  increase  the  traffic- 
currying  capacity  of  a  highway.  From  analysis  of  the  three-car  test  data,  it  teas 
noted  that  most  of  the  potential  effect  of  the  communications  system  had  been 
eliminated  by  interposition  of  a  third  car.  With  use  of  the  communications 
system,  a  relation  between  advance  learning  time  and  the  distance  headways 
was  noted  for  two-car  queues. 

Variability  in  headways  teas  substantially  reduced  when  the  driver  of  a  rear 
car  had  advance  information  on  the  speed  changes.  The  variability  noted  in 
driver  responses,  to  information  provided  by  the  communications  system, 
indicates  that  the  stability  of  intervehicle  spacing  is  greatly  influenced  by 
fluctuations  in  the  individual  driver's  psychological  state. 


Introduction 

RECENT  RESEARCH  (1) i  indicates  that 
.  variations  in  spacing  between  vehicles  in  a 
queue  are  determined  primarily  by  the  drivers' 
reactions  to  changes  in  speed  of  the  vehicle 
ahead  and,  secondarily,  by  the  distance 
between  vehicles.  When  a  change  in  speed 
is  imposed  in  the  lead  car,  the  driver  of  the 
second  car,  in  order  to  maintain  his  spacing, 
reacts  to  the  change  in  speed — not  the  change 
in  distance.  Thus,  he  changes  the  speed 
at  which  his  car  is  traveling  to  eliminate  any 
difference  in  speed  between  the  cars.  The 
stability  of  the  operation  depends  therefore 
upon  the  length  of  time  elapsing  from  the 
lead  vehicle's  change  in  speed  to  its  detection 
by  the  driver  of  the  following  car,  as  well  as 
his   ability   to   modify   the   speed  of   his    car. 


'  This  article  was  presented  at  the  41st  annual  meeting  of 
the  Highway  Research  Board,  Washington,  DC,  January 
1962. 

2  References  cited  by  italic  numbers  in  parentheses  are 
listed  on  page  235. 
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As  pointed  out  by  Brown  (2),  estimates  of 
speed  changes  ultimately  depend  on  the 
drivei's  ability  to  detect  changes  in  visual 
angle  (the  angle,  at  the  eye  of  the  observer, 
subtended  by  the  boundaries  of  an  object), 
which  governs  the  time  a  driver  requires  to 
detect  changes  in  the  speed  of  the  lead  vehicle. 
Because  of  human  limitations,  small  changes 
in  visual  angle  and  hence  in  speed  are  not 
detectable.  Consequently,  in  normal  car- 
following  patterns  a  time  lapse  occurs  be- 
tween the  initiation  of  a  speed  change  in  the 
leading  car  and  its  detection  by  the  driver 
of  the  following  car.  To  a  large  extent, 
much  of  the  instability  of  the  queues  as 
demonstrated  by  other  car-following  studies 
could  have  resulted  from  the  relative  in- 
sensitivity  of  the  drivers  to  small  changes 
in  visual  angle. 

Also  contributing  to  variance  in  spacing  of 
cars  in  a  queue  is  the  fact  that  the  driver  of  a 
following  car  has  no  prior  knowledge  of  the 
occurrence  of  any  acceleration  or  deceleration 


of  the  preceding  vehicle  nor  the  magnitude 
of  that  change  of  speed.  (Display  of  brake 
lights  or  hand  signals  may  warn  of  decelera- 
tion.) Therefore,  the  following  driver  may 
be  expected  to  adopt  a  spacing  to  compensate 
for  his  uncertainty  stemming  from  these 
two  factors:  his  inability  to  detect  small 
changes  in  visual  angle  and  his  inability  to 
anticipate  the  change  in  speed. 

Two  methods  for  improving  the  stability 
of  car-following  are  sussested  by  consideration 
of  the  foregoing  analysis:  (1)  To  improve 
the  drivers'  abilities  to  detect  changes  in 
visual  angle,  or  (2)  to  provide  the  drivers 
of  following  cars  with  information  about 
changes  in  the  speed  of  the  lead  vehicle 
before  such  changes  are  initiated.  The 
second  method  provided  the  basis  for  the  study 
discussed  in  this  article. 

Possible  predictions  on  driver  behavior 

From  the  foregoing  analysis  several  hypoth- 
eses are  possible  about  the  behavior  of  the 
driver  of  a  car,  when  he  is  given  information 
on  the  type  and  magnitude  of  each  change 
in    speed    to    be    made    in    the    lead    vehicle. 

First,  the  driver  of  the  following  car,  by 
responding  to  this  advance  information, 
should  be  able  to  compensate  for  changes 
in  speed  in  the  lead  vehicle  by  beginning  his 
maneuver  prior  to  the  onset  of  the  change. 
The  degree  of  compensation  effected  should 
depend  upon  the  interval  of  time  between 
tlie  driver's  receipt  of  the  information  and 
the  onset  of  the  speed  change  in  the  lead 
vehicle. 

Second,  because  the  driver  of  the  following 
car  does  not  have  to  rely  on  his  ability  to 
detect  changes  in  speed,  he  will  not  have  to 
maintain  a  -pacing  commensurate  with  his 
maximum  ability  for  such  detection.  Con- 
sequently, it  is  reasonable  to  assume  that  the 
average  headway  during  a  constant  speed 
operation  would  be  less  with  a  communica- 
tions system  than  without  it.  (Headway  is 
the  time  or  space  interval  between  two  vehicles 
traveling  the  same  route.  For  precise  refer- 
ence, the  terms  distance  headway  and  time 
headway  are  used  in  this  article.) 
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Third,    the   variance   in  headway   hot  wren 

tan      pei   I  operation  ■  hould  be 

reased  when  communication  is  employed. 

An    attempt    was    made    in    this   study    to 

determine  whether,  in  a  simple  pattern  of  one 

car    following    another,    intervehicle    spacing 

would  be  modified  when  drivers  were  provided 

advance  information  on  speed  changes. 

Summary  and  Conclusions 

From  this  study  with  two-  and  three-car 
queues,  it  was  determined  that  the  effect  of 
the  use  of  the  communications  system  on  the 
spacing  between  two  vehicles  varied  with  the 
-peed  at  which  they  were  moving;  its  use  had 
little  effect  when  the  speed  was  36  m.p.h. 
(miles  per  hour)  but  resulted  in  a  large  reduc- 
tion ill  distance  headway  when  the  speed  was 
.')  I  m.p.h.  However,  when  another  vehicle 
was  interposed,  making  a  three-car  queue,  the 
communications  system's  effect  on  distance 
headway  was  nearly  eliminated  at  all  speeds. 
During  constant  speed  operations,  at  an\  of 
the  three  speeds  used,  the  variance  in  head- 
ways between  the  two  cars  was  significantly 
reduced  by  the  communication  of  speed  change 
information  to  the  test  drivers.  The  trans- 
mission of  this  information  approximately  3 
seconds  prior  to  initiation  of  the  speed  change 
by  the  lead  car  permitted  maintenance  of  the 
most  uniform  headways. 

On  the  basis  of  data  collected  during  the 
study,  it  is  concluded  that  communication  of 
advance  speed  change  information  from  one 
driver  to  another  is  an  extremely  complex 
problem.  Further,  no  simple  or  direct  means 
exists  for  transmitting  advance  -peed  change 
information  that  will  result  in  a  universal  or 
predictable  modification  of  headway  patterns 
in  car  following. 

Recording  Instruments  and 
Tlieir  Use 

A  stadimeter  (a  range-finding  device)  un- 
used in  this  study  to  measure  the  distance 
headway  between  a  pair  of  vehicles.  The 
stadimeter  operates  on  the  same  principle  as 
the  sextant,  in  that  two  images  are  brought 
into  coincidence  bj  use  of  a  rotating  mirror. 
Because  use  of  the  stadimeter  requires  specifi- 
cation of  some  dimension  of  the  target  whose 
range  is  sought,  the  dimension  was  marked 
by  two  brightly  painted  targets  mounted  on 
the  rear  bumper  of  the  lead  vehicle  (fig.l). 
The  mounting  of  t hi;  stadimeter  in  the  second 
car  is  shown  in  figure  2. 
Operation  »f  stadimeter 

The  stadimeter  operator  viewed  the  lead 
car  through  the  ring  sight  on  the  right  of  the 
instrument.  While  looking  at  one  target,  he 
slowlj  Dilated  the  mirror  on  the  left  of  the 
sight,  by  turning  the  crank,  on  the  left  side  of 
tin'  instrument,  until  the  image  of  the  second 
target  coincided  with  that  of  the  first.  The 
hand  crank  also  was  geared  to  drive  a  preci- 
sion potentiometer  so  that  the  angular  dis- 
placement of  the  mirror  was  translated  into  ■■< 
voltage  Change.  The  distance  in  feet  between 
the  vehicles  is  inversely  related  to  the  angular 
rotation  of  the  mirror.  By  use  of  a  calibra- 
tion procedure  the  voltage  change  was  eon- 
verted  to  the  distance  in  feel  . 


i  ask  of  the  stadimeter  operator  was  to 
keep  the  two  targets  in  coincidence  durino  the 
run.  For  distances  of  more  than  50  feet, 
tracking  error  generally  was  less  than  5  per- 
cent, which  was  adequate  for  purposes  of  this 
study.  A  digital  recording  system,  described 
in  a  report  by  Hopkins  (■•'),  was  employed  to 
store  i  he  daia.  Headway  readings  were  con- 
verted to  digital  form  by  use  of  a.  digital 
voltmeter,  were  read  out,  and  were  stored  by 
use  of  a  digital  printer.  Tlie  speed  of  the  rear 
vehicle  also  was  determined,  digitized,  and 
stored  in  the  printer.  An  equipment  operator 
in  the  rear  car  manually  coded  the  following 
listed  data  into  the  printer:  Each  speed 
change  made  by  the  lead  vehicle,  its  speed  at 
the  beginning  and  ending  of  each  maneuver, 
and  the  lime  each  maneuver  was  started  and 
ended. 
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Figure  I. — Lead  car  with  overhead  signals 
and  targets  on  rear  bumper. 


By  means  of  radio  equipment  installed  in 
the  two  vehicles,  the  lead  car  observer  could 
notify  the  equipment  operator  in  the  following 
car  what  change  of  speed  was  to  occur  and 
when  the  change  began  and  ended.  This  was 
done  only  when  no  visual  communication  sig- 
nal was  given.  As  the  equipment  operator 
used  head  phones,  the  driver  of  the  following 
car  could  not  hear  these  messages. 

Four  rate-  of  acceleration  were  used  for  each 
series  of  maneuvers:  +1,  +3,-1,  and  —3 
m.p.h. /sec.  (miles  per  hour  per  second).  The 
interval  between  each  maneuver  in  a  series 
was  either  15,  30,  or  45  seconds  in  duration. 
An  automatic,  recycling  timing  system  had 
been  installed  in  the  lead  vehicle  to  specify  the 
individual  maneuver  to  be  undertaken,  the 
advance  warning  time  (if  any)  to  be  signaled 
to  the  following  car,  the  duration  time  of  the 
maneuver,  and  the  interval  between  the  begin- 
ning of  each  maneuver  in  the  series  and  the 
beginning  of  the  next.  By  means  of  cue 
lights  on  the  dashboard,  the  driver  of  the  lead 
car  was  notified  when  to  begin  and  end  each 
maneuver.  In  general,  the  driver's  control  in 
making  speed  changes  was  accurate  to  within 
5  percent. 


Figure  2. — Stadimeter  mounted  in  rear  car. 


The  information  display  for  the  driver  of  the 
following  car  consisted  of  four  traffic  signal 
units  with  white  lenses,  8  inches  in  diameter, 
mounted  above  the  lead  vehicle,  as  shown  in 
figure  1.  Each  signal  unit  represented  one  of 
the  four  possible  speed  change  maneuvers. 
The  size  of  the  signal  units  and  the  height  at 
which  they  were  mounted  above  the  lead 
vehicle  were  dictated  by  possible  conditions  of 
t;rade,  curvature,  and  length  of  queue  that 
might  be  employed  for  any  particular  study  to 
be  made  with  this  display. 


Site  of  Study 


A  7-mile  portion  of  Interstate  Highway  70, 
located  between  Gaithersburg  and  Rockville, 
Md.,  and  considered  typical  of  a  rural  freeway, 
was  selected  as  1  he  st  udy  site.  This  freeway  is 
a  four-lane  divided  highway  on  which  there 
is  full  control  of  access.  Each  of  the  four  lanes, 
constructed  of  bituminous  concrete,  is  12  feet 
wide.  Although  the  shoulders  generally  are 
10  feet  wide  (8  feet  of  gravel  and  2  feet  of 
mass),  a  small  part  of  the  study  site  has  gravel 
shoulders  12  feet  wide.  The  dividing  median 
is  a  grass  strip  50  feet  wide. 

The  speed  limit  at  the  test  site  is  60  m.p.h. 
and  only  a  few  vehicles  were  observed  ex- 
ceeding this  limit.  Typical  of  a  rural  freeway, 
the  design  speed  for  this  section  of  the  highway 
is  70  m.p.h.;  maximum  gradient  is  3  percent, 
except  for  a  length  of  1,000  feet  where  the 
grade  is  3.5  percent;  and  the  maximum  hor- 
izontal curvature  is  one  degree. 

The  daily  traffic  volume  on  the  section  of 
the  highway  used  for  this  study  was  about 
10,000  vehicles.  While  the  study  was  under- 
way, daytime  traffic  averaged  about  600 
vehicles  per  hour  or  about  300  vehicles  per 
hour  on  each  one-way  roadway — a  relatively 
low  volume  of  traffic  for  a  freeway  near  a 
large  metropolitan  area.  This  low  traffic 
volume  and  the  high-type  design  characteris- 
tics of  the  highway  were  the  principal  reasons 
for  selection  of  this  study  site.  These  factors 
made  it  possible  to  drive  at  a  reasonably  wide 
range  of  speeds  for  the  required  length  of  time 
with  little  interference  to  or  from  other  traffic. 

Procedu  res 

Either  two  or  three  vehicles  were  used  in 
the  test  runs  for  this  study  in  which  headways 
were  measured  for  t  he  rear  cars,  which  were 
driven  by  test  drivers.  In  addition  to  the 
test  driver,  the  rear  car  carried  the  stadimeter 
operator  (observer)  and  the  equipment  opera- 
tor. 
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Drivers 

Seven  drivers  were  used  for  this  study. 
Four  were  summer  employees  of  the  Bureau 
of  Public  Roads;  their  ages  ranged  from  IS  to 
24  years;  all  had  had  at  least  2  years  of 
driving  experience.  The  other  test  drivers 
were  the  experimenters  conducting  the  study. 
All  seven  drivers  participated  in  the  test  runs 
made  with  the  two  cars  but  only  the  four  test 
drivers  participated  in  the  three-car  test  runs. 
To  isolate  any  effects  of  possible  bias,  the 
primary  analyses  of  the  data  collected  from 
two-car  tests  were  made  only  for  runs  by  the 
four  test  drivers.  Because  analyses  of  the 
data  indicated  responses  of  all  seven  drivers 
to  be  quite  comparable,  information  collected 
from  all  two-car  tests  was  used  for  some  of  the 
subsidiary  analyses. 

Before  the  beginning  of  each  test  run,  each 
test  driver  was  given  the  following  instruc- 
tions: "Assume  you  are  driving  in  rush  hour 
traffic.  Assume  that  vehicles  are  in  the  left 
lane  beside  you  as  well  as  behind  you.  Drive 
as  ymi  would  in  this  type  of  traffic  by  keeping 
pace  with  the  vehicle  ahead  so  as  to  minimize 
the  possibility  of  other  vehicles  weaving  in 
front  of  vou." 


Two-car  studies 

In  the  test  procedure  with  tun  ear-,  the 
speedometer  of  the  rear  vehicle  was  covered 
and  the  tail  lights  of  the  lead  vehicle  were 
disconnected  for  all  test  runs.  The  lead  car 
carried  out  precise  maneuvers  and  the  head- 
way was  measured  between  the  two  vehicles. 

Before  the  beginning  of  each  test  run,  the 
study's  signal  system  was  explained  to  the 
test  driver.  He  was  told  that  when  the 
signal  lamp  on  the  extreme  left  of  the  lead 
car  was  lighted  a  fast  acceleration  would  be 
made,  and  that  the  next  three  signals  would 
indicate  fast  deceleration,  slow  acceleration, 
and  slow  deceleration,  respectively.  The 
signal  lamp  was  lighted  prior  to  the  onset  of 
the  speed  change'  for  a  period  of  time  deter- 
mined by  the  preselected  warning  condition 
and  remained  lighted  until  completion  of  the 
maneuver. 

A  run  included  16  speed  changes — four 
repetitions  each  of  maneuvers  from  36  to  45 
m.p.h.,  from  45  to  36  m.p.h.,  from  45  to  54 
m.p.h.,  and  from  54  to  45  m.p.h.  Just  prior 
to  the  start  of  each  run,  the  test  driver  was 
also  informed  as  to  which  of  the  five  test 
conditions  would  be  used:  without  communi- 
cations or  with  communications  at  one  of  the 
four  warning  times  (0,  1,  3,  or  5  seconds). 
For  the  "without  communications"  condition, 
the  signal  lamps  were  not  used  and  the  test 
driver  received  no  information  concerning  the 
maneuver  to  be  executed.  When  the  run  was 
made  with  communications,  the  signal  system 
was  used  to  indicate  the  magnitude  of  the 
speed  change  to  be  made  during  each  maneuver 
(+1,  +3,  —1,  or  —3  m.p.h. /sec),  as  well  as 
to  show  the  preselected  warning  time 
conditions. 

All  runs  were  started  when  both  vehicles 
were  traveling  at  a  speed  of  45  m.p.h.  The 
programing  device  was  then  activated  in  the 


lead  vehicle  and  one  of  the  four  preprogramed 
speed  changes  was  presented  on  the  appro- 
priate signal  lamp.  At  the  end  of  the  first 
maneuver  of  each  run,  the  lead  vehicle  was 
traveling  at  a  speed  of  either  36  or  54  m.p.h. 
Therefore,  speed  changes  for  the  second 
maneuver  of  a  run  required  acceleration  from 
36  m.p.h.  or  deceleration  from  54  m.p.h. 
Thus,  the  test  driver's  uncertainty  as  to  the 
speed  change  that  would  be  presented  was 
only  half  that  he  experienced  when  the  next 
maneuver  was  to  be  made  from  a  speed  of 
45  m.p.h. 

At  the  end  of  each  run,  another  warning 
time  condition  was  randomly  selected;  the 
test  driver  was  informed  of  the  new  condition ; 
and  another  run  was  executed  by  the  two 
cars.  This  procedure  was  repeated  until  the 
test  driver  had  completed  five  runs  in  succes- 
sion, one  for  each  warning  condition.  Each 
of  the  seven  test  drivers  made  five  successive 
runs  and  the  entire  procedure  was  repeated 
four  times  so  that  each  driver  completed 
four  runs  for  each  of  the  five  test   conditions. 

Three-car  studies 

In  the  three-car  studies,  the  signals  for 
indicating  speed  changes  and  warning  time 
were  mounted  above  the  first  vehicle,  which 
initiated  all  maneuvers,  but  the  targets  for 
headway  measurement  were  mounted  on  the 
rear  of  the  second  car.  The  test  driver  op- 
erated the  third  car.  Speedometers  of  both 
the  second  and  third  cars  were  taped  over. 
The  procedure  for  measuring  the  intervehicle 
spacing  between  the  second  and  third  cars 
was  the  same  as  that  used  for  test  runs  with 
two  cars.  Huns  were  made  with  only  three 
tesl  conditions  rather  than  five:  without  com- 
munications and  with  communications  during 
which  the  warning  time  was  either  1  or  5 
seconds.  Only  the  four  test  drivers  were 
used  for  tests  with  the  three  cars  and  test 
runs  for  each  of  the  three  conditions  were 
repeated  by  each  driver  three  times.  The 
drivers  of  the  second  and  third  cars  were 
given  instructions  similar  to  those  given  for 
the  two-car  runs. 
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ANALYSES 

Choice  of  Headway  at  Constant 
Speed 

Four  independent  variables  were  studied  in 
the  analysis  of  headway:  (1)  Speed,  (2)  driver, 
(3)  run,  and  (4)  type  of  communications. 
Data  were  obtained  for  all  240  combinations 
of  the  four  variables  in  the  case  of  the  two-car 
following  situation.  For  the  three-car  data 
analysis,  the  0-second  and  3-second  warning 
time  conditions  were  omitted. 

Information  was  obtained  from  all  possible 
combinations  of  the  independent  variables 
for  tiie  time  intervals  between  maneuvers; 
that  is,  when  the  two  vehicles  were  traveling 
at  some  constant  speed.  Samples  of  informa- 
tion, consisting  of  the  record  of  speed  and 
headway  of  both  vehicles,  were  taken  a1 
one-second  intervals  by  the  digital  recording 
system.  To  eliminate  any  time  coherence 
among  the  sample  points,  additional  samples 
were  taken  from  recorded  data  at  five-second 
intervals.  In  general,  10  to  15  samples  were 
taken  front  each  of  the  two  speeds  of  36  and 
5  1  m.p.h.,  which  were  maintained  during 
four  periods  of  time  in  each  test  run,  and  20 
to  41)  samples  were  taken  during  the  eight 
periods  of  time  the  speed  was  constant  at  45 
m.p.h.  In  order  to  obtain  a  completely 
balanced  block  design  for  the  analysis  of 
variance,  a  final  sampling  of  10  random  ob- 
servations was  made  for  each  of  the  three 
speeds  of  each  run. 

Analysis  of  Variance  Data  f or 
Two -Car  Runs 

An  analysis  of  variance  was  performed  on 
the  two-car  data.  Four  main  variables  of 
three  speeds,  four  drivers,  four  runs,  and  five 
communications  conditions  were  used.  For 
each  of  the  240  combinations  of  these  vari- 
ables, 10  headway  measurements  were  em- 
ployed, thus  making  2.400  headway  observa- 
tions. The  analysis  demonstrated  that  not 
only  were  the  main  variables  significantly 
different   at   the  0.01   level,   but  also  that  all 
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Figure  3. — Mean  distance  headways  maintained  in  two-car  runs  without  and  with 
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Figure  1. — Effect  of  warning  time  on  mean  distance  headways  in  two-car  runs  at  each  test 

speed. 


six  first  order,  four  second  order,  and  the  third 
order  interaction  terms  were  significant  at 
the  0.01  level.  As  a  check  on  the  sampling 
procedure,  an  additional  analysis  of  variance 
was  performed  on  all  the  variables  for  one 
run  (speed,  driver,  type  of  communications), 
and  identical  results  of  the  analysis  were 
obtained:  all  terms  were  significant  at  the 
0.01  level. 

Interaction  of  speed  and  warning  time 

For  more  detailed  analysis  of  the  effects 
of  the  communications  system,  data  were 
separated  on  the  basis  of  speed.  At  the 
highest  speed  of  the  runs,  54  m.p.h.,  con- 
sideration of  the  data  reveals  a  very  signifi- 
cant reduction  in  mean  distance  headways 
when  the  communications  system  was  used. 
This  information  is  graphically  presented  in 
figure  3.  With  communications,  the  mean 
distance  headways  varied  from  a  minimum 
of  127  feet  to  a  maximum  of  148  feet;  without 
communications,  the  mean  headway  was  179 
feet,.  True  headway  distances  (from  the  rear 
end  of  the  lead  car  to  the  rear  end  of  the  rear 
car),  used  for  this  analysis  of  the  two-car 
test,  data,  were  obtained  by  adding  a  constant 
of  10  feet  to  the  recorded  headway,  which 
the  stadimeter  had  measured  from  the  dash- 
board of  the  following  vehicle  to  the  rear 
bumper  of  the  leading  vehicle.  At  the  lowest 
speed  used  in  the  study,  36  m.p.h.,  headways 
were  no  shorter  with  the  communications 
system  than  without  it.  At  the  intermediate 
speed  of  45  m.p.h.,  the  headways  began  to 
decrease  with  use  of  the  communications 
em. 

Effect  of  warning  time 

Warning  lime-  had  a  considerable  effect 
on  the  headways  maintained,  as  shown  in 
figure  3.  With  a  3-seeond  advance  warning 
time  at  54  m.p.h.,  the  drivers  maintained 
minimum  headways.  At  45  m.p.h.  minimum 
headways  appeared  to  have  been  maintained 
«  iihin  i  tie  if  a  1-  to  3-second  advance 

warning  time.     But  at  a  speed  of  36  m.p.h., 


no  differences  in  headway  occurred  when  the 
warning  time  was  less  than  3  seconds.  How- 
ever, with  the  longest  advance  warning  time 
of  5  seconds,  headways  maintained  at  all 
three  speeds  were  much  longer  than  those 
maintained  with  the  3-second  warning  time. 
At  54  m.p.h.,  headways  maintained  with  a 
5-second  warning  time  were  about  the  same 
as  those  maintained  with  a  1-second  warning 
time  and  were  15  percent  longer  than  those 
maintained  with  a  3-second  warning. 

In  figure  4,  the  relationship  of  headway 
to  speed  is  illustrated  with  warning  time  as 
the  parameter.  Without  communications, 
distance  headways  increased  sharply  as  speed 
increased.  For  each  of  the  four  test  run 
conditions  with  communications,  distance 
headways  increased  less  as  the  speed  in- 
creased.      Mosl    noteworthy   is   the   fact   that 


2.4 


the  shortest  headways  were  maintained  with 
the  3-second  warning  time  and,  more  impor- 
tantly, were  practically  independent  of  speed. 
Therefore,  3  seconds  may  be  considered  the 
optimum  warning  time. 

A  further  comparison  of  the  relation  of 
speed  to  headways  maintained  was  made  by 
converting  the  distance  headways  (fig.  3)  to 
time  headways  for  each  speed  range.  These 
respective  time  headways  were  plotted  against 
speeds  for  each  test  condition.  As  shown  in 
figure  5,  when  maneuvers  were  performed 
without  communications  the  time  headways 
increased  at  the  highest  speed:  but  for  each 
of  the  four  warning-time  conditions  with 
communications,  the  time  headways  decreased 
with  increased  speeds.  The  lowest  value  of 
time  headway  was  obtained  from  the  data  on 
the  3-second  warning  time  at  the  speed  of  54 
m.p.h.  Note  the  relation  of  time  headway 
shown  (fig.  5)  for  the  condition  without  com- 
munications and  that  shown  for  the  3-second 
warning  time.  At  a  speed  of  36  m.p.h.,  the 
difference  in  time  headways  shown  for  the 
two  communications  conditions  is  not  statis- 
tically significant,  but  at  speeds  of  45  and  54 
m.p.h.  the  time  headways  obtained  with  a  3- 
second  warning  time  were  significantly  shorter 
than  those  from  the  condition  without  com- 
munications. At  a  speed^of  54  m.p.h.  this 
reduction  was  30  percent. 


Summary  of  Tabulated  Data 

A  tabular  summary  of  all  data  collected 
during  this  study  for  the  two-car  runs  is 
shown  in  table  1.  Each  entry  represents  the 
average  of  40  observations  of  data  collected 
for  all  four  runs  averaged  together. 

The  time  headways  for  this  study  (shown  in 
table  1)  were  calculated  from  the  distance 
headways,  as  noted  previously.  For  the  cal- 
culation,  it  was  assumed   that    the  lead   and 
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warning  times. 


232 


February  1962  •  PUBLIC  ROADS 


rear  vehicles  were  traveling  at  an  identical 
speed  of  either  36,  45,  or  54  m.p.h.  Because 
the  drivers  of  the  lead  cars  were  extremely 
careful  to  maintain  precise  speed  relationships, 
this  assumption  was  close  to  the  actual  situa- 
tion. 

A  large  variability  in  response  of  the  four 
drivers  both  to  speed  and  the  type  of  com- 
munications employed  is  evident  from  consid- 
eration of  the  data.  Because  of  these  sig- 
nificant differences  in  driver  reactions,  the 
averaged  data  shown  in  the  summary  column 
of  table  1  should  be  interpreted  with  extreme 
caution;  these  data,  of  course,  represent  a 
combination  obtained  from  different  popula- 
tions. 

As  noted  previously  and  as  shown  in  figure 
4,  the  mean  distance  headways  when  the  warn- 
ing time  was  3  seconds  were  practically  the 
same  at  all  three  speeds — between  113  and  127 
feet;  this  range  of  only  14  feet  is  also  shown  in 
table  1.  The  range  in  mean  distance  head- 
ways over  the  three  speeds  for  the  other  four 
communications  conditions  varied  from  21  to 
72  feet;  generally,  the  same  range  was  noted 
in  the  headways  maintained  by  each  driver. 
Test  data  also  revealed  that,  among  the  four 
drivers,  the  relationship  of  mean  time  head- 
ways noted  for  conditions  of  no  communica- 
tions and  the  3-second  warning  time  is  con- 
sistent (table  1).  Although  the  absolute 
values  of  the  time  headways  for  the  four 
drivers  differ  significantly,  the  change  in  time 
headway  as  a  function  of  speed  is  similar  in 
that  the  time  headways  for  the  3-second  warn- 
ing time  decreased  sharply  as  the  speed 
increased. 

Communications  Markedly  Reduce 
Variation  in  Headway 

Data  collected  from  runs  made  by  the  three 
experimenter  drivers  were  added  to  the  data 
for  runs  by  the  four  test  drivers  for  a  further 
analysis  of  the  variation  in  headways.  Stand- 
ard deviations  of  distance  headways  were  cal- 
culated for  each  of  the  three  speeds  under  two 
test  conditions,  without  communications  and 
with  the  optimum  warning  time  of  3  seconds. 
These  calculations  are  shown  in  table  2.  When 
data  from  the  no  communications  condition  and 
the  3-second  warning  time  communication  con- 
dition were  compared,  a  reduction  in  standard 
deviation  was  noted  for  19  of  the  21  comparisons, 
and  only  one  increase  in  standard  deviation 
occurred.  In  most  cases,  the  reduction  was 
substantial  and  in  15  of  the  comparisons  the 
differences  were  statistically  significant.  The 
median  ratio  of  the  standard  deviation  over 
all  three  speeds  for  all  seven  test  drivers  was 
0.57,  a  reduction  of  43  percent.  In  other 
words,  communications  reduced  the  variation 
in  headway  very  substantially. 

Analysis  of  Speed  Changes 
During  a  Maneuver 

Another  analysis  of  data  obtained  from  test 
runs  with  two  cars  was  made  concerning  the 
speed  changes  carried  out  by  the  test  drivers 
during  the  maneuvers.  Although  the  limita- 
tions of  the  data  processing  system  prevented 
a  precise  analysis  of  the  time  course  of  the 
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Table  1. — Mean  distance  and  time  headways  maintained  by  each  of  four  drivers  at  three 
speeds  with  and  without  communications  in  two-car  runs  ' 


Warning  time 


Driver 


Average 


36  MILES  PER  HOUR 


Seconds 

None  2 _. 

0 

1 

3 

5 __ 

None  2 

0 

1 __. 

3 

5 

None  2 

0 

1 

3 

5.- 


Feet* 

Seconds 

Feet  * 

Seconds 

Feet* 

Seconds 

Feet  3 

Seconds 

Fed 

92 

1.7 

113 

2.1 

116 

2.2 

106 

2.0 

107 

111 

2.1 

120 

2.3 

111 

2.1 

97 

1.8 

no 

116 

2.2 

108 

2.0 

130 

2.5 

94 

1.8 

112 

114 

2.2 

116 

2.2 

127 

2.4 

94 

1.8 

113 

132 

2.5 

132 

2.5 

134 

2.5 

102 

1.9 

125 

Seconds 
2.0 
2.1 
2.1 
2.1 
2.4 


45  MILES  PER  HOUR 


114 

1.7 

165 

2.5 

149 

2.3 

112 

1.7 

135 

131 

2.0 

173 

2.6 

124 

1.9 

110 

1.7 

134 

122 

1.8 

127 

1.9 

131 

2.0 

119 

1.8 

125 

114 

1.7 

136 

2.1 

142 

2.2 

108 

1.6 

125 

129 

2.0 

152 

2.3 

148 

2.2 

107 

1.6 

134 

2.0 
2.0 
1.9 
1.9 
2.0 


54  MILES  PER  HOUR 


155 
142 
128 
117 
120 


2.0 
1.8 
1.6 
1.5 
1.5 


224 

2.8 

182 

2.3 

157 

2.0 

179 

2.3 

189 

2.4 

131 

1.7 

129 

1.6 

148 

1.9 

176 

2.2 

144 

1.8 

136 

1.7 

145 

1.8 

137 

1.7 

143 

1.8 

112 

1.4 

127 

1.6 

189 

2.4 

156 

2.0 

118 

1.5 

146 

1.8 

i  Headways  in  two-car  runs  were  measured  from  rear  end  of  lead  ear  to  rear  end  of  rear  car. 

2  None  indicates  no  communication  at  all. 

3  Indicates  average  of  four  rims. 


changes  in  speeds,  it  was  possible  to  determine 
some  of  the  effects  of  the  communications 
system  by  the  control  responses  of  the  test 
drivers.  An  example  of  typical  responses  is 
shown  by  the  curves  in  figure  6.  When  the 
speed  change  for  the  lead  car  was  a  slow  ac- 
celeration from  45  to  54  m.p.h.  at  the  rate  of 
1  m.p.h. /sec,  the  test  drivers  tended  to  re- 
spond so  that  the  position  of  the  rear  vehicles 
changed  from  leading  to  lagging  as  the  warn- 
ing time  decreased  from  3  seconds  to  0  seconds, 
to  a  condition  of  no  communications. 

This  analysis  also  revealed  some  indication 
that  the  test  or  rear  car  drivers  were  using  the 
warning  intervals  to  begin  the  speed  changes; 
such  a  response  is  shown  clearly  by  the  curve 
in  figure  6  for  the  3-second  warning  time. 
The  drivers  of  the  rear  cars  had  closed  on  the 
lead  vehicles  during  the  initial  part  of  a  maneu- 
ver, when  the  optimum  warning  time  of  3  sec- 
onds was  employed,  then  at  some  point  toward 
the  end  of  the  maneuver  had  eased  up  on  the 
accelerator    thereby    increasing    the    distance 


headways.  The  deceleration  at  the  end  of  the 
maneuvers  tended  to  show  a  great  variability 
among  the  drivers  and  from  one  trial  run  to 
another. 

Analysis  of  Data  for  Three  Cars 

For  the  portion  of  the  study  made  with 
three  cars,  data  on  the  effect  of  speed  change 
information  on  intervehicle  spacing  were  col- 
lected from  only  three  test  runs  made  by  each 
of  the  four  drivers. 

•For  three  cars,  the  headways  were  measured 
from  the  rear  of  the  second  car  to  the  rear  of 
the  third  car;  communications  were  trans- 
mitted from  the  lead  car.  The  third  or  rear 
car  was  driven  by  a  test  driver. 

An  analysis  of  variance  also  was  carried  out 
on  the  data  collected  from  test  runs  of  the 
three  cars.  With  one  exception,  all  terms 
were  significant  at  the  0.01  level;  the  third 
order  interaction  term  was  significant  at  the 
0.05  level. 


Table  2.— Standard  deviations  of  distance  headways  and  their  ratios  for  each  of  seven  drivers 

at  three  speeds  in  two-car  tests 


Driver 

36  miles  per  flour- 

45  miles  per  hour— 

54  miles  per  hour — 

Without 
commu- 
nications 

With 
commu- 
nications 

Ratio 

Without 
commu- 
nications 

With 
commu- 
nications 

Ratio 

Without 
commu- 
nications 

With 
commu- 
nications 

Ratio 

A                    -  - 

Feet 
16 
21 
78 
68 
15 
11 
14 

Feet 
16 
14 
16 
28 
10 

9 

8 

1.00 
i.67 
i.21 
1.41 
1.67 
.82 
1.57 

Feet 
24 
25 
67 
56 
18 
18 
26 

Feet 
21 
17 
16 
30 
21 
16 
12 

0.88 
1.68 
1.24 
1.54 
1.33 
.89 
1.46 

Feet 
24 
27 
67 
60 
20 
40 
29 

Feet 
15 
13 
24 
16 
17 
11 
13 

10.63 

1.48 
1.36 

i.27 
.85 
1.28 
1.45 

B                   

C                 

D              .-- 

E 

F       

1.67 

1.68 

1.45 

i  Significantly  different  from  1.00  at  the  0.05  level  or  less. 
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Analysis  of  three-car  data  showed  that  the 
mean  headways  were  considerably  less  than 
those  calculated  for  two  cars,  as  run  be  seen 
by  comparison  of  information  del  ailed  in  table 
3  with  that  shown  in  (able  1.  In  general, 
time  headways  were  about  one-half  second 
shorter  for  all  communications  conditions  in 
three-car  test  runs.  Moreover,  the  influence 
of  the  communications  system  was  far  less 
effective  in  causing  the  drivers  to  reduce  fol- 
lowing distance  than  it  had  been  during  the 
i  wo-car  runs. 


With  three  cars  and  all  three  communica- 
tions conditions,  a  small  increase  was  noted  in 
the  mean  distance  headways  as  the  speeds  in- 
creased from  36  to  54  m.p.h.  However,  de- 
creases in  mean  time  headways  occurred  both 
with  and  without  communications;  this  de- 
crease in  time  headways  as  speeds  increased 
was  larger  when  the  test  runs  were  made  with 
communications.  Table  3  contains  headway 
data  collected  for  three-car  test  runs. 

When  the  interposition  of  a  vehicle  between 
the  lead   car   and   the   rear  car  is  considered, 


Table  3. 


-Mean  distance  and   time  headways  maintained  by  each  of  four  drivers  at  three 
speeds  with  and  without  communications  in  three-car  runs  ' 


Warning  time 

Driver— 

Average 

A 

B 

C 

D 

36  MILES  PEE  JIOUR 

Seconds 
None  2__. 

Feet  s 
78 
90 
97 

Seconds 

1.5 
1.7 
1.8 

Feet 
73 

71 

85 

Seconds 
1.4 
1.3 
1.6 

Feet  3 
73 

97 

Seconds 
1.4 
1.8 
1.5 

Feet  3 
91 
88 
99 

Seconds 

1.7 
1.7 
1.9 

Feel 

79 

87 
90 

Seconds 
1.5 
1.6 
1.7 

] 

5  ._   .. 

45  MILES  PER  HOUR 

None  - 

92 
99 
110 

1.4 
1.5 
1.7 

too 

81 

103 

1.5 
1.3 
1.6 

84 
92 

89 

1.3 
1.4 
1.3 

107 
107 
103 

1.6 
1.6 
1.6 

96 
96 
1111 

1.5 
1.5 
1.5 

1... 

54  MILES  PER  HOUR 

None  2 .. 

107 
109 

104 

1.4 
1.4 
1.3 

113 

97 

130 

1.4 
1.2 
1.6 

96 
91 
93 

1.2 
1.1 
1.2 

136 
116 
128 

1.4 
1.3 
1.4 

1 

17            - 
1.5 

103 
114 

5 

ays  in  three-ear  runs  wire  measured  from  rear  end  of  second  car  to  rear  end  of  third  car. 
indicates  no  communication  at  all. 
'  indicates  average  oi  Unci:  runs. 
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the  1-second  warning  time  for  the  three-car 
test  runs  appears  to  have  had  an  influence  on 
the  headways  maintained  by  the  test  drivers 
that  is  probably  equivalent  to  the  influence  of 
the  3-second  warning  time  condition  during 
two-car  test  runs.  From  examination  of  the 
test  data  presented  in  the  summary  column 
of  table  3,  it  can  be  seen  that  with  the  1- 
second  warning  time  a  range  of  only  Hi  feci 
in  distance  headways  occurred  for  three-car 
runs  between  the  speeds  of  36  and  54  m.p.h. 
When  the  5-second  warning  time  condition 
was  employed  the  range  in  headways  increased 
to  24  feet,  and  when  the  condition  was  wit  hout 
communications  it  increased  to  34  feet.  The 
16-foot  minimum  range  with  the  1-second 
warning  time  is  consistent  with  the  lowest, 
range  in  distance  headways  of  14  feet  recorded 
at  all  three  speeds  for  two-car  tests  with  a 
3-second  warning  time  condition. 

Discussion  of  Data  Analyses 

Analyses  of  the  data  collected  during  this 
study  indicate  that  substitution  of  an  alternate 
information  path  for  judgment  of  speed 
changes  is  possible,  and  that  drivers  are  able 
to  utilize  a  very  simple  coding  scheme  (com- 
munications system),  at  least  in  a  two-car 
following  situation.  In  other  words,  the 
driver  of  a  car  generally  adapts  his  following 
distance  according  to  the  advance  informa- 
tion he  has  about  the  changes  in  speed  to  be 
made  by  the  lead  car  and  his  ability  to  make 
corresponding  compensatory  control  changes 
in  the  speed  of  his  own  vehicle. 

The  major  contribution  of  the  signal  system 
was  its  provision  of  information  that  permitted 
the  test  driver  to  begin  his  compensatory 
speed  change  before  the  onset  of  the  speed 
change  in  the  lead  vehicle.  Thus,  a  driver 
used  the  actual  change  in  speed  of  the  lead 
vehicle  as  a  feedback  on  his  speed  control 
responses.  This  is  illustrated  by  the  curves 
in  figure  6. 

Assistance  from  the  communications  system 
received  by  the  test  driver  was  least  during 
an  acceleration  maneuver.  Although  limita- 
tions in  the  recording  system  precluded  a 
complete  analysis  of  the  total  effect  of  the 
communications  system,  some  indication 
was  noted  of  a  lower  rate  of  acceleration 
or  deceleration  with  the  display  of  speed 
change  information  than  without  it.  How- 
ever, considerable  variation  in  acceleration 
or  deceleration  occurred  during  individual 
maneuvers,  and  this  apparently  resulted  from 
i  lie  necessity  for  a  driver  to  make  visual  angle 
discriminations  and,  more  importantly,  the 
predictions  of  future  speed  of  the  vehicle 
preceding  his  own.  The  experimental  system 
employed  in  this  study,  of  course,  added 
nothing  that  a  driver  could  use  for  such 
purposes. 

The  warning  time — that  is,  the  interval 
between  display  of  the  visual  signal  and  the 
initiation  of  the  speed  change  of  the  lead 
vehicle — was  also  observed  to  be  an  important 
factor  in  the  following  pattern  adopted  by  the 
test  driver  in  the  rear  car  during  constant 
speed  operations.  Analysis  of  the  data 
showed  that,  dependent  on  the  speed  at  which 
the  test  cars  were  traveling,  minimum  head- 
February  1962  •  PUBLIC  ROADS 


ways  and  minimum  variance  were  obtained 
when  the  interval  of  warning  time  was  between 
1  and  3  seconds.  The  warning  time  obviously 
was  not  employed  solely  as  a  reaction  time  but 
rather  was  used  as  a  total  response  time  of  the 
system,  encompassing  perception  and  trans- 
lation into  control  and  vehicle  responses. 

With  the  most  favorable  warning  conditions, 
consideration  of  the  analyses  shows  thai 
spacing  maintained  between  vehicles  became 
independent  of  speed  and  indicated  that 
another  following  system  had  been  established 
by  the  driver.  Although  this  system  was 
speed  dependent,  the  drivers  employed  a 
different  information  processing  mode  and 
adapted  the  headways  to  the  remaining 
constraints  on  following — mostly  random 
variations  in  speed  between  two  vehicles. 


Verification  of  Predictions  Based 
on  Hypothesis 

On  the  basis  of  the  hypothesis  for  this  study, 
it  was  predicted  that  average  distance  head- 
ways between  maneuvers  would  be  less  with 
communications  than  without.  Analyses  of 
the  data  from  two-car  tests  indicated  that  this 
was  true  at  the  two  higher  speeds  of  45  and  54 
m.p.h.  but  not  true  for  the  low  speed  of  30 
m.p.h. 

The  prediction  that  the  variability  in  head- 
way would  be  reduced  when  the  driver  of  the 
rear  vehicle  had  prior  information  about  speed 
changes  to  be  initiated  by  the  driver  of  the 
lead  vehicle  was  confirmed  by  the  analyses  of 
test  data. 

Traffic  capacity  of  freeway  lane 

Consideration  of  the  data  collected  during 
lest  runs  with  two  cars  seems  to  indicate  that 
a  communications  system  could  increase  the 
traffic  capacity  of  a  freeway  lane.  As  noted 
previously  (fig.  5),  without  communications 
the  minimum  time  headways  occurred  at 
speeds  below  45  m.p.h.  and  averaged  2.0 
seconds.  If  the  time  headways  for  a  single 
lane  of  traffic  average  2.0  seconds  for  one  hour, 
the  total  traffic  volume  would  equal  1,800, 
which  approaches  the  volume  of  2,  000  vehicles 
per  hour  that  has  been  widely  accepted  as  the 
possible  capacity  for  a  freeway  lane.  Few 
highways  in  the  United  States  are  known  to 
carry  a  greater  volume,  and  other  studies  have 
shown  that  the  minimum  headways  and 
maximum  capacity  usually  are  obtained  when 
vehicles  are  traveling  at  speeds  of  less  than 
45  m.p.h. 

When  communications  were  added,  the 
speed-headway  relationships  changed  mark- 
edly and  the  mean  time  headways  decreased 
as  the  speeds  increased.     With  the   3-second 


optimum  warning  time,  as  illustrated  in 
figure  5,  time  headways  of  1 .6  seconds  were 
maintained  at  54  m.p.h.,  the  highest  speed 
used  in  this  study.  Were  time  headways  to 
average  1.6  seconds  for  one  hour  at  54  m.p.h., 
the  traffic  capacity  for  a  single  freeway  lane 
would  exceed  a  volume  of  2,200  vehicles  per 
hour.  Thus  theoretically,  utilization  of  a 
communications  system,  providing  informa- 
tion similar  to  that  of  this  study,  would 
permit  a  one-third  increase  in  the  traffic 
capacity  of  a  freeway  lane  at  a  speed  of  54 
m.p.h.  This  increase  was  derived  from 
comparison  with  the  study  data  obtained 
when  the  test  condition  was  without  communi- 
cations and  the  time  headway  at  54  m.p.h. 
was  2.3  seconds,  which  would  permit  a 
volume  of  only   1,600  vehicles  per  hour. 

Therefore,  what  seems  to  be  a  fairly  simple 
communications  system  would  appear,  by 
extrapolation,  capable  of  generating  a  sizeable 
increase  in  the  capacity  of  a  freeway  at  the 
higher  speeds.  However,  analysis  of  the  three- 
car  data  does  not  allow  such  a  conclusion. 
The  addition  of  an  interposed  vehicle  elim- 
inated most  of  the  benefits  to  be  obtained  from 
a  communications  system,  as  implied  by  the 
analysis  of  data  from  two-car  tests. 

As  shown  in  the  final  column  of  table  3, 
without  communications  the  average  time 
headways  between  the  second  and  third  cars 
were  considerably  shorter  at  all  three  speeds 
than  between  the  first  and  second  cars  with 
communication  of  a  3-second  warning  time 
Furthermore,  with  communication  of  a  1- 
second  warning  and  at  speeds  of  54  m.p.h.,  the 
time  headways  in  three-car  runs  were  only 
0.1  second  less  than  those  maintained  during 
the  runs  without  communications.  This 
elimination  of  most  of  the  benefits,  obtained 
by  use  of  the  communications  system,  with 
the  interposition  of  a  vehicle  in  a  three-car 
queue  may  be  attributed  to  several  factors. 

First,  in  a  line  of  traffic  a  natural  tendency 
exists  to  maintain  stability  of  speed  and 
spacing.  Thus  any  speed  change  imposed 
by  the  lead  vehicle  may  be  expected  to  be 
compensated  for  by  the  drivers  of  successive 
vehicles  as  they  perceive  and  thereby  progres- 
sively reduce  the  effect  of  the  speed  change. 

Second,  if  the  driver  of  the  third  vehicle 
observed  the  speed  change  behavior  of  the 
first  vehicle  directly,  he  might  very  well 
receive  as  much  advance  warning  as  he  would 
from  the  communications  system.  That 
such  does  take  place  has  been  suggested  in  a 
report  by  Forbes  (4). 

Third,  automobiles  in  a  line  represent  a  very 
loosely  coupled  system,  subject  to  considerable 
random  fluctuations.  A  communications  sys- 
tem such  as  the  one  used  for  this  study  should 


have  a  decreasing  effect  upon  the  responses  of 
the  driver  as  the  distance  increases  between 
the  communications  system  and  his  vehicle. 
Any  interposed  vehicle  prevents  the  following 
driver  from  directly  coupling  himself  to  the 
source.  The  driver,  of  necessity,  must  com- 
pensate primarily  for  the  behavior  of  the 
vehicle  immediately  preceding  his  and  second- 
arily for  the  behavior  of  those  further  ahead 
in  the  line.  In  essence,  in  the  multiple  car- 
following  situation,  the  speed  change  infor- 
mation display  represents  little  more  than  a 
cue  informing  a  driver  that  some  change  of 
speed  will  be  made  in  the  preceding  line  of 
traffic. 

Variability  of  drivers'  responses 

Another  clear-cut  fact  obvious  from  analyses 
of  these  data  is  that  a  high  degree  of  varia- 
bility occurs  both  within  and  among  drivers' 
responses.  Considerable  differences  were 
noted  in  their  responses  concerning  time 
relations  and  optimum  following,  minimum 
variance  conditions,  and  at  different  speed.-. 
Although  the  differences  in  mean  headways 
with  a  3-second  warning  were  quite  small  at 
all  three  test  speeds,  the  analysis  of  variance 
showed  a  significant  difference  among  speeds. 
As  no  systematic  differences  in  variance  oc- 
curred among  the  three  speeds,  it  seems  reason- 
able to  conclude  that  the  significance  arises 
from  inter-  and  infra-driver  response  changes 
from  run  to  run.  It  would  appear,  then,  that 
the  driving  system  is  greatly  influenced  by 
the  moment-to-moment  fluctuations  in  a 
driver's  psychological  state,  as  well  as  by 
his  more  stable  behavioral  characteristics. 
Sensitivity  to  such  subtle  qualities  is  not  a 
characteristic  of  efficient  man-machine 
systems. 
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A  Supplementary  Study  of  Concrete 

Produced  by  34-E  Dual-Drum  Pavers 


Reported1  by  DONALD  O.   WOOLF.  Highway  Research  Engineer, 
Division  of  Physical  Research,  Bureau  of  Public  Roads, 
and  HENRY  W.  SCHNEIDER,  Engineer  of  Materials  and  Tests, 
Arkansas  State  Highway  Department 


This  article  presents  information  obtained  from  tests  marie  (hiring  construc- 
tion of  tin  Arkansas  road  project  on  the  relation  of  mixing  lime  to  the  strength 
of  portland  cement  concrete  produced  in  a  34-E  dual-drum  paver.  Objective 
of  this  supplementary  study  was  to  gain  data  to  clieck  against  results  shown  by 
similar  tests  made  during  construction  of  16  projects  by  13  State  highway 
departments;  lest  results  from  the  previous  study  were  summarized  in  the  April 
1060  issue  of  this  magazine. 

It  was  believed  that  insufficient  data  had  been  obtainedfrom  the  earlier  study, 
especially  concerning  concrete  prepared  with  short  mixing  times.  Test  results 
from  both  studies,  however,  demonstrated  that  concrete  of  adequate  strength 
can  be  obtained  from  a  mixing  time  as  short  as  20  seconds,  excluding  transfer 
time.  Concrete  of  maximum  strength  obtained  during  the  supplementary 
study  was  produced  with  a  mixing  time  of  45  seconds.  The  increased  strength 
ratios  shown  by  tests  for  various  mixing  limes  on  concrete  from  the  Arkansas 
project  are  believed  to  have  reflected  the  mechanical  efficiency  of  the  mixer  used 
during  the  supplementary  study. 

It  is  noted  that  more  concordant  results  were  obtainedfrom  tests  made  during 
the  previous  study.  Although  no  explanation  has  been  determined  for  some  of 
the  varying  test  results  obtained  during  this  study,  it  is  believed  that  the  harsh- 
ness of  I  he  concrete  used  on  the  Arkansas  project  caused  some  of  the  exaggeration 
of  the  ilifferenees  in  strength  exhibited  by  some  of  the  test  results. 


Introduction 

DURING  THE  CONSTRUCTION  season 
of  1958,  a  study  of  the  production  of 
portland  cement  concrete  in  34-1]  dual-drum 
pavers  was  conducted  by  13  State  highway 
departments  in  cooperation  with  the  Bureau 
of  Public  Roads.  A  summary  of  the  findings 
from  that  study  was  published  in  Public 
Roads  in   I960.2 

When  the  report  on  that  study  was  pre- 
pared, it  was  realized  that  the  number  of 
test  specimens  prepared  per  variable  in  each 
study  by  the  different  State  highway  depart- 
ments might  have  been  insufficient  to  aver- 
age out  the  uncontrollable  variables  such  as 
weather  and  the  physical  condition  of  the 
operator-  as  it  might  have  affected  their  effi- 
ciency. It  was  believed  that  insufficient  data 
had  been  obtained  for  short  mixing  times. 


1  This  article  was  presented  at  the  41st  annual  meeting  of 
the  Highway  Research  Board,  Washington,  D.O.,  January 
1962. 

2  A  Study  of  34-E  Diiul-Driim  Pavers,  by  D.  0.  Woolf, 
Public  Roads,  vol.  31,  No.  1,  Apr.  I960  pp.  1-10 
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The  Arkansas  State  Highway  Department 
had  planned  to  cooperate  in  the  study  but 
delays  in  the  accomplishment  of  the  grading 
and  drainage  of  the  selected  project  site  pre- 
vented placement  of  the  pavement  in  1958. 
Subsequently,  when  the  placement  of  pave- 
ment was  programed  in  1960,  the  Arkansas 
Department  offered  to  conduct  a  supplemen- 
tary study  of  the  production  of  portland  con- 
crete with  the  34-E  dual-drum  paver  and 
thus  provide  data  that  could  be  checked 
against  the  findings  obtained  from  the 
previous  tests. 

This  study  was  made  during  construction 
of  the  Arkansas  Project  F-021-3(8)  on  a  re- 
location of  U.S.  Route  67,  between  North 
Little  Rock  and  Jacksonville.  Construction 
equipment  used  included  a  Koehring  34-E 
dual-drum  mixer  built  in  1958  and  in  excel- 
lent condition.  Equipment  in  the  paving 
train  included  a  spreader  and  vibrator,  a  fin- 
isher, a  longitudinal  float,  and  a  jointing 
machine.  The  concrete  pavement  was  cov- 
ered for  24  hours  with  wet  burlap  and  then 
sprayed  with  a  pigmented  curing  compound. 
An  average  of  1,500  feet  of  pavement,  24 
feet  wide  and  9  inches  thick,  was  placed  per 
10-hour  day. 


Concrete  design 

The  concrete  was  designed  in  accordance 
with  the  Arkansas  specifications.  The  mix 
contained  5%  bags  of  cement  per  cubic  yard 
and  had  a  maximum  water  content  of  5.5 
gallons  per  bag.  The  slump  was  approxi- 
mately 2  inches,  and  the  air  content  was 
between  3  and  5  percent.  The  aggregates 
used  were  natural  sand  and  crushed  stone 
from  a  local  commercial  producer.  The  mix 
proportions  were  94-186-428  by  dry  weight, 
which  limited  sand  to  only  30  percent  of  the 
total  aggregate  on  a  solid  volume  basis.  De- 
spite the  harsh  mix  resulting  from  these  mix 
proportions,  a  satisfactory  finish  of  the  pave- 
ment surface  was  obtained  because  the 
concrete  was  vibrated. 

Conclusions 

Results  obtained  from  this  supplementary 
study  agree  with  those  reported  for  the  pre- 
vious studies  made  in  1958,  that  concrete  of 
adequate  strength  can  be  obtained  from  a 
mixing  time  of  less  than  60  seconds,  even  with 
a  mixing  time  as  short  as  20  seconds.  It  is 
possible  that  the  mechanical  efficiency  of  the 
paver  used  to  mix  the  concrete  for  this  project 
permitted  the  attainment  of  better  results  for 
short  mixing  times  than  those  obtained  in  the 
previous  study. 

For  each  mixing  time  used  in  this  study,  a 
considerable  range  in  compressive  strength  of 
the  concrete  was  noted  from  tests  conducted 
on  the  groups  of  specimens  collected  from  dif- 
ferent batches  of  concrete  mixture.  Also,  for 
each  mixing  time,  the  compressive  strength  of 
the  concrete  increased  or  decreased  at  reasona- 
bly constant  rates  for  certain  groups  of  tested 
specimens.  It  is  possible  that  the  harshness 
of  the  mix  wras  responsible  for  the  extreme 
strengths  noted  for  some  concrete  specimens; 
but,  from  available  data,  no  valid  explanation 
can  be  determined  for  the  progressive  increase 
or  decrease  in  strengths  noted  from  tests  made 
on  successive  batches  of  concrete. 

Program  of  Study 

The  preparation  of  a  large  number  of  con- 
crete test  specimens  for  each  variable  of  mixing 
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I  time  was  desired  for  this  study,  It  was  be- 
lieved that  more  information  could  be  obtained 
per  man-hour  by  limiting  the  preparation  of 
specimens    to    cylinders.     Consequently,    no 

1  beam  specimens  were  prepared  for  use  in  this 
study,  and  no  tests  were  made  for  flexural 
strength  of  the  concrete. 

The  planned  program  included  requirements 
for  the  following  listed  operations:  Tests  to  be 
made  on  concrete  prepared  with  mixing  times 

i  of  20,  30,  45,  and  60  seconds,  exclusive  of 
transfer  time;  use  of  only  one  overload,  of  20 
percent;  preparation  of  108  specimen  cylinders 
from  concrete  of  each  mixing  time;  and  com- 
pletion of  a  suitable  number  of  tests  for  con- 
sistency, air  content,  and  unit  weight. 
Because  of  the  excessive  rainfall  that  inter- 
rupted the  study  period  (June  21-July  21, 
1960),  it  was  necessary  to  deviate  from  the 
planned  program  and  only  72  specimens  were 
prepared  from  concrete  of  some  mixing  times. 
However,  all  the  specimens  prepared  for  each 
batch  were  divided  into  two  equal  groups; 
half  were  used  for  tests  made  at  7  days  of  age 
and  the  other  half  were  used  for  tests  made  at 
28  days. 

Sampling  procedure 

Test  samples  were  taken  from  the  Last 
batch  of  concrete  placed  on  the  subgrade 
before  the  paver  backed  to  place  the  top 
course.  Batches  were  sampled  every  20  to  30 
minutes.  These  samples,  approximately  2  to 
3  cubic  feet  of  concrete,  were  shoveled  into  a 
pan  from  five  locations  in  the  pile.  The  pan 
was  carried  to  a  truck,  which  took  the  pan  to 
the  sample  preparation  site  established  for 
each  day's  work. 

It  had  been  planned  to  test  every  sample 
for  consistency  by  the  Kelly  ball  penetration 
and  slump  measurement  tests  and  for  air 
content  by  the  Chace  meter;  then  six  6-  by 
12-inch  cylinders  were  to  be  cast.  The  Kelly 
ball  tests  were  made  on  the  concrete,  which  had 
been  placed  on  the  subgrade  from  the  test 
bucket  load,  and  the  other  tests  were  made  at 
the  sample  preparation  site.  Tests  for  unit 
weight  and  determinations  of  air  content  by 
a  pressure  meter  were  scheduled  to  be  made 
on  alternate  batches.  The  concrete  cylinders 
were  cast  in  cardboard  molds  with  metal 
bottoms,  and  the  completed  specimen  cyl- 
inders were  covered  with  5  layers  of  wet 
burlap.  On  the  following  morning,  the  molds 
were  stripped,  the  cylinders  were  marked  and 
then  stored  in  tanks  of  water.  The  cylinders 
were  taken  to  the  Arkansas  State  testing 
laboratory  one  day  before  the  date  of  testing. 
They  were  capped  with  a  sulfur  compound 
for  the  compression  tests. 

Mixing  procedure 

Personnel  from  the  Bureau  of  Public  Roads 
timed  the  mixing  for  the  test  batches  of 
concrete.  The  contractor  usually  used  a 
mixing  time  of  50  seconds.  Because  of  poor 
subgrade  conditions  outside  the  forms,  how- 
ever, the  paver  could  not  operate  continuously 
at  a  fixed  mixing  time  as  the  batch  trucks 
could  not  always  back  to  the  skip,  discharge, 
and  clear  the  skip  in  the  required  period  of 
time.  Consequently,  to  assure  the  validity 
of  the  study,  when  samples  were  to  be  taken 


Table  1.— Summary  of  Arkansas  project  concrete  production  test  data 


Samples  taken 


June  21,  I960: 
2:45  p.m.. 
3:15  p.m. 
4:00  p.m.. 
4:40  p.m. 

July  20,  1960: 


June  22,  I960: 
10:10  a.m. 
10:55  a.m. 
11:30  a.m. 
11:55  a.m. 

1:50  p. in 
2:20  p.m.. 
2:45  p.m.. 
3:15  p.m. 
3:50  p.m. 

Julv  20,  1960: 
1:20  p.m.. 
1:45  p.m.. 
2:00  p.m.. 
2:20  p.m.. 

2:35  p.m.. 
2:50  p.m.. 
3:10  p. m__ 
3:30  p.m.. 


Averages. 


June  23,  1960: 
10:35  a.m. 
11:00  a.m. 
11:35  a.m. 
11:55  a.m. 


1:35  p.m.. 
2:10  p.m.. 
2:45  p.m.. 
3:15  p.m.. 
3:35  p.m.. 

Julv  21,  1960: 
9:30  a.m.. 
9:55  a.m.. 
10:20  a.m. 
10:55  a.m. 
11:10  a.m. 
11:40  a.m. 


Averages  . 


June  24,  1960: 
9:45  a.m.. 
10:15  a.m. 
10:40  a.m. 
11:00  a.m. 
11:25  a.m. 
11:45  a.m. 

July21.1960: 
1:25  p.m.. 
1:45  p.m.. 
2:10  p.m.. 
2:25  p.m.. 
2:40  p.m.. 
2:55  p.m.. 


Averages. 


Air 

tem- 
perature 


Consistency 


Air  content 


Kelly 
ball 


Slump 
cone 


Chace 
meter 


Pressure 
meter 


Unit 
weight 


Average  compres- 
sive strength  at  - 


7  days 


60-SECOND  MIXING  TIME 


9:00  a.m 

9:25  a.m 

88 
44 

9:45  a.m.. 

94 

10:15a.m 

91 

10:35  a.m... 

98 

11:00  a.m 

98 

11:20  a.m 

99 

11:40  a.m 

89 

A  ve  rages 

In. 


4.0 
1.5 

1.2 


2.0 
1.5 
1.8 
2.0 

1.4 

1.3 
1.0 
1.2 


In. 


4.0 
3.7 
2.5 
1.6 


2.5 
2.4 
1.6 
1.9 

1.5 
1.4 
1.9 
2.2 

2.3 


Pet. 
6.0 
6.9 
4.7 
4.3 


5.2 
5.0 
4.0 
5.  0 

5.0 
5.0 
4.0 
4.0 


3.9 


Pet. 

Lb.fcf. 

141 

3.8 

148 

3.8 

14S 

3.9 

146 

4.0 

150 

3.8 

147 


P.s.i. 

2.620 
2,610 
4,040 

4,110 


3,440 
3,220 
3.590 
3,400 

3,730 
3,610 
5,190 
4,210 

3,650 


45-SECOND  MIXING  TIME 


99 


2.0 
2.8 
1.8 
2.8 

2.8 
'.'  ii 
11 
1.9 
1.8 


1.5 
0.6 
1.0 
1.5 

2.0 
2.2 
0.7 
2.0 


2.6 
0.8 
3.8 

1.3 
1.5 
1.5 
0.3 
1.1 


2.5 
1.0 
0.9 
1.9 

2.6 
2.4 
0.8 
3.0 


4.3 

5.2 
3.9 

i,  II 

4.3 
5.6 
3.5 
4.7 
4.3 


4.7 


3.5 

2.7 


4.3 


4.9 


3.8 


5.2 
2.7 


3.2 


4.2 
4.0 


144 


146 
I  16 


1 49 

147 


148 
150 


3,680 
3,190 
3,150 
2,770 

4,000 
3,440 
4,370 
3,  420 
3,170 


3,840 
3,810 
3,930 
3,930 

3,560 
2.940 
4.730 
2,720 

3,  570 


30-SECOND  MIXING  TIME 


1.6 
1.6 
0.9 
1.3 

1.4 
2.2 
0.9 
2.0 
2.4 


1.2 
1.8 
1.4 
0.5 
1.2 
2.3 

1.5 


2.5 
1.2 
0.9 
1.7 
\ 
2.4 
2.5 
1.8 
2.5 
2.0 


2.0 
1.6 
1.5 
0.9 
0.6 
1.9 

1.7 


4.7 
4.3 
4.3 
4.3 

4.3 
4.3 
4.3 
4.3 
4.3 


6.4 
6.4 
6.0 
4.3 
4.7 
5.2 


4.0 


5.1 

145 

3.9 

146 

3.6 

146 

4.8 

148 

3.3 

3.1 

145 
146 


3.150 
3,150 
4.270 
4,280 

3,380 
3,480 
3,120 
2,620 
2,670 


3,220 
3.180 
3,960 
4,260 
4,480 
3,540 

3,520 


20-SECOND  MIXING  TIME 


1.7 
2.4 
1.6 
1.6 
0.5 
2.0 


1.5 
1.5 
1.3 
1.0 
1.4 
2.2 


2.5 
2.5 
2.2 
2.2 
0.6 
3.4 


2.6 
2.0 
2.1 
1.7 
2.5 
1.5 

2.2 


4.7 
3.5 
4.3 
3.9 
3.9 
4.3 


4.3 
5.6 
5.3 
3.9 
3.9 
3.1 

4.2 


4.4 
~i~3 


3.7 
3.8 


3.8 

4.0 


146 
147 


147 
148 


149 
147 


2,840 
2,990 
2,690 

2.  470 
5.070 
2.  760 


2,490 
2,710 
3,600 

4,280 
2,  300 
4,160 

3,200 


28  days 


P.s.i. 

3,320 
3, 180 
4,940 
4,990 


4,150 
4,210 
4,  370 
4,260 

4,760 

4. ''J ill 
6,230 
4,730 

4,480 


4,500 
3,950 
3,980 
3,800 

4,660 
4,420 
5,510 
4,100 
4,180 


4.700 
5,780 
5,410 
4,820 

4.660 
4,140 
6.060 
3,470 

4,  600 


4,170 
4,200 
5,  680 
4,450 

4,160 

4,600 
4,  240 
3,  440 
3,830 


3,800 
3,960 
4.410 
5, 120 
5,  600 
4,170 

4,390 


3.  700 

4.  160 
3,  590 
3,290 

i  6,220 
3,610 


3,440 
3,250 

i  4,  900 
4.360 
3,540 

'  4,  900 

'  4.100 


i  These  averages  include  the  "wild"  values  for  individualjspecimens. 


four  consecutive  batches  were  mixed  for  the 
specified  length  of  time,  and  the  samples  were 


taken    from    the    fourth    batch.     To    obtain 
samples  from  concrete  mixed  for  '2d  seconds, 
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20  30  40  50  60 

MIXING    TIME  (SECONDS) 

Figure  1. — Effect  of  mixing  on  compressive 
strength  of  concrete. 

it  was  necessary  to  ope  rale  the  paver  manually 
: i iitl  only  one  batch  of  concrete  was  mixed  at 
a  time.  No  appreciable  difference  in  the  ap- 
pearance was  observed  for  the  concretes 
mixed  for  different  lengths  of  time;  the  ag- 
gregate seemed  to  he  well  coated  even  in  the 
concrete  mixed  for  the  shortest  length  of  time, 
'JO  seconds. 

When  this  study  had  been  about  half 
completed,  heavy  rains  and  the  resultant  soil 
conditions  halted  construction  on  the  project 
for  a  period  of  about  three  weeks.  The 
study  was  subsequently  completed  without 
incident. 

Although  not  pertinent  to  this  study  of 
concrete,  it  is  of  interest  to  note  the  plan 
devised  by  the  contractor  in  an  attempt  to 
resume  construction  as  soon  as  the  weather 
had  cleared.  After  the  rain,  the  soil  condition 
of  the  grade  beside  the  forms  was  such  that 
trucks  could  not  be  operated  on  it.  To 
overcome  this,  the  contractor  tried  double 
batching;  that  is,  using  two  pavers,  one  on 
the  service  road  and  one  on  the  grade.  After 
a  batch  had  been  mixed  dry  in  the  first  paver, 
it  was  dumped  into  the  skip  of  the  paver  on 
the  grade  and,  with  the  addition  of  water, 
mixed  to  form  concrete.  This  procedure  was 
conducted  for  only  a  few  hours  when  the 
inspector  closed  the  project  because  of  spillage 
of  materials. 

Effect  of  Mixing  Time 

Six  cylinders  were  prepared  from  each 
batch  of  concrete  tested.  Compressive 
strength  tests  for  the  concrete  were  made  on 
half  of  these  cylinders  at  an  age  of  7  days  and 
on  the  other  half  at  an  age  of  28  days.  Aver- 
age values  for  the  compressive  strength  deter- 
mined for  each  group  of  three  cylinders  are 
given  in  table  1.  Data  are  also  shown  on  con- 
sistency, air  content,  and  unit  weight  of  the 
concrete. 

The  relation  between  mixing  time  and 
st  rengfh  of  the  concrete  is  shown  by  the 
curves  in  figure  l.3  Of  the  two  curves,  greater 
weight  is  given  to  the  one  representing  results 
from  tests  made  on  specimens  28  days  old. 
These  curves  show  that  the  maximum  strength 
of  concrete  tested  in  this  study  was  obtained 
with  a  mixing  time  of  45  seconds.     (All  the 
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3  For  the  20-second  mixing  time,  compressive  strengths  of 
six  cylinders  were  omitted  because  they  were  so  unusually 
high  as  to  appear  questionable. 
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2       3       4       5       6       7       8       9      10      II      12      13     14     15     16      17 
CYLINDER    GROUP  NO. 

Figure  2. — Compressive  strength  of  concrete  at  28  days;  groups  of  test  cylinders  arranged 

in  chronological  order  of  molding. 


mixing  times  shown  exclude  the  transfer  time.)  those  obtained  in  the  preceding  study.     Ilow- 

With  the  results  for  the  60-second  mixing  time  ever,   results   from  the  tests  of  both  studies 

considered  as  unity,  the  strength  ratios  of  the  demonstrate   conclusively   that   mixing  times 

concrete  for  the  various  mixing  times  were:  as  short  a8  30  seconds  could  be  used  with 

little    reduction    in    compressive    strength    of 

Mixing  time                                       Strength  ratio  concrete.     The  small  differences  shown  by  the 

(seconds)                                              (percent)  two  sets  of  test  reSults  probably  reflect  a  dif- 

00__                                                       100  ference   in    the   mechanical   efficiency   of   the 

45. .                                                       103  mixers  used. 

30 98 

20_-                                            3  84  Variations  in  Test  Results 

The  results  shown  for  mixing  times  of  less  The  compressive  strengths  of  the  concrete 

than    60   seconds   are   somewhat   superior    to  at  28  days,  obtained  from  tests  made  on  each 
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group  of  cylinders  and  arrayed  chronological- 
ly, are  shown  in  figure  2.  Attention  is  called 
.to  some  possibly  unusual  trends  exhibited  by 
fthe  concrete  specimens  molded  consecutively 
W  the  same  day.  For  example,  at  45  seconds 
of  mixing  time  the  specimens  in  groups  11-17, 
with  one  exception,  had  an  almost  uniform 
irate  of  loss  of  strength.  The  exception,  the 
three  specimens  of  group  16,  had  the  highest 
compressive  strength  of  any  group  of  specimens 
(tested  in  this  series.  However,  specimens 
from  group  17,  the  last  of  this  series,  had  a 
low  strength  value  which  conformed  to  the 
general  trend  shown  by  groups  11-15. 

For  the  other  mixing  times,  similar  progres- 
sive increases  or  decreases  of  compressive 
strength  of  the  concrete  specimens  are  shown 
in  figure  2.  For  a  mixing  time  of  20  seconds, 
two  sets  of  thr'ee  groups  of  specimens  (2-4 
and  9-11)  had  uniform  decreases  in  strength. 
For  a  mixing  time  of  30  seconds,  five  groups 
of  specimens  (10-14)  had  a  fairly  uniform  rate 
of  increase  in  strength.  For  a  mixing  time  of 
60  seconds,  no  corresponding  marked  cham;* is 
in  strength  were  noted,  although  groups  5-12 
had  a  slight  but  progressive  increase  in  com- 
pressive strength  with  the  exception  of  the 
specimens  from  group  11.  The  "wild"  test 
results  obtained  from  group  11  were  similar  to 
those  obtained  for  certain  single  groups  of 
specimens  at  each  of  the  other  mixing  times, 
such  as  was  noted  for  group  16  at  45-second 
mixing  time. 

Concrete  strength  test  results 

No  definite  relationship  for  all  of  the  cases 
of  progressive  increase  or  decrease  in  com- 
pressive strength  of  the  specimens  tested  at 
an  age  of  28  days  can  be  shown  by  the  data 
collected  during  this  study.  As  will  be  dis- 
cussed later,  available  data  have  been  corre- 
lated with  the  results  noted  from  tests  of  one 
of  these  cases.  But  for  the  other  cases,  some 
assumptions  (which  could  be  called  guesses), 
nave  been  made. 

Most  of  the  test  results  showing  progressive 

(increases  or  decreases  in  compressive  strength 
of  the  concrete  were  obtained  from  specimens 
i  made  in  July  1960.  All  but  one  group  of  the 
specimens  from  the  60-second  mixing  time, 
which  were  molded  during  the  morning  of 
July  20,  had  increasing  strengths.  Specimens 
from  the  concrete  with  a  45-second  mixing 
time  were  molded  during  the  afternoon  of 
July  20,  and  six  of  the  eight  groups  of  cylinders 
had  progressively  decreasing  strengths. 

The  concrete  specimens  molded  on  the 
following  day,  July  21,  showed  a  pattern  of 
behavior  similar  to  that  obtained  in  tests  on 
the  specimens  from  the  previous  day's  mold- 
ing. The  specimens  molded  in  the  morning 
were  from  the  concrete  with  a  30-second 
mixing  time  and,  with  one  exception,  had 
progressively  increasing  strengths.  Specimens 
from  the  concrete  with  a  20-second  mixing 
time  were  molded  in  the  afternoon  and  had 
varying  strengths.  Of  the  six  groups  of 
cylinders  tested,  specimens  from  three  consec- 
utive groups  had  steadily  decreasing  strengths, 
those  from  the  first  two  groups  of  the  series 
had  lower  strength  values,  and  those  from  the 
last  group  had  higher  strength  values. 


Explanation  of  Unusual  Test  Results 

To  explain  unusual  results  obtained  from 
tests  made  on  concrete  during  construction 
operations,  writers  frequently  refer  to  items 
for  which  no  determined  values  are  available. 
The  temptation  to  do  that  in  this  article  is 
quite  strong.  Of  all  the  various  items  that 
would  have  had  a  marked  effect  on  the 
strength  of  the  concrete  but  for  which  data 
are  not  available,  the  first  choice  is  the  water 
content  of  the  fine  aggregate.  Normal  vari- 
ations could  have  been  expected  in  this  water 
content  and  might  have  caused  the  unusual 
test  results.  The  receipt  and  use  of  a  new 
lot  of  sand  in  a  moist  condition  could  have 
caused  the  strength  of  the  concrete  to  decrease. 
Use  of  sand  stockpiled  and  subjected  to  the 
high  atmospheric  temperatures  that  prevailed 
during  much  of  the  time  of  this  study  coidd 
have  caused  the  strength  of  the  concrete  to 
increase.  However,  in  either  case  any  sur- 
plus or  deficiency  of  water  in  the  sand  used 
should  have  been  reflected  in  changes  in  the 
consistency  of  the  concrete. 

Tests  on  Concrete  Batches 

Figures  3  and  4  show  the  average  values 
obtained  from  various  tests  performed  on 
batches  of  concrete  mixed  for  20,  30,  45,  and  60 
seconds,  respectively.  For  each  mixing  time, 
test  data  are  presented  that  show  average 
compressive  strength,  penetration  determined 
by  the  Kelly  ball  method,  slump  measurement, 
and  air  content  determined  by  the  Chace 
meter.  In  several  cases,  air  content  data  were 
not  available. 

Concrete,  20-secon<l  mixing  time 

The  average  test  values  obtained  for  con- 
crete batches  from  the  20-second  mixing 
time,  shown  in  figure  3,  do  not  provide  a  clue 
to  the  reason  for  the  two  series  of  progressively 
decreasing  strengths.  On  the  contrary,  the 
test  data  obtained  for  consistency  and  air 
content  of  the  concrete  are  in  opposition  to 
the  trend  of  the  results  obtained  from  strength 
tests.  Little  basis  for  an  explanation  of  the 
test  performance  of  concrete  from  batches  2-4 
and  9-11  is  provided  by  these  data.  The  high 
strength  shown  for  batch  5  is  reflected,  how- 
ever, by  the  decrease  in  consistency  measured 
by  the  Kelly  ball  penetration  and  slump  tests. 

Concrete,  30-second  mixing  time 

Information  concerning  the  concrete  pro- 
duced with  a  30-second  mixing  time  is  shown 
in  figure  3.  Tests  showed  the  concrete  from 
batches  3  and  14  to  have  high  compressive 
strength  and  that  from  batch  8  to  have  the 
lowest  strength  of  the  15  batches  tested. 
Tests  on  concrete  from  batches  10-14  showed 
a  set  of  progressively  increasing  strengths. 

The  records  from  slump  tests  of  the  con- 
crete with  a  30-second  mixing  time  for  batches 
10-14  show  a  steady  decrease  in  consistency, 
which  could  well  be  associated  with  the  in- 
crease in  strength  recorded  for  these  same 
concretes.  The  Kelly  ball  test  results  for 
these  batches  of  concrete  are  irregular,  as  are 
the  determinations  for  air  content.  It  seems 
to  be  somewhat  questionable  that  a  change  in 


slump  from  2.0  inches  to  0.6  inch  could  cause 
a  change  in  compressive  strength  from  3,800 
p.s.i.  to  5,600  p.s.i.  Possibly,  it  would  be 
proper  to  consider  these  slump  measurements 
as  indications  that  a  change  in  consistency 
occurred,  which  must  have  been  accompanied 
by  some  other  change  that  affected  the  com- 
pressive strength  of  the  concrete  and  caused 
such  a  variation. 

The  high  strengths  shown  by  the  tests  on 
concrete  from  batches  3  and  14,  and  the  low 
strength  shown  for  concrete  from  batch  S.  are 
associated  with  the  low  and  high  slump  meas- 
urements, respectively.  The  results  of  the 
Kelly  ball  penetration  tests  showed  the  - 
degree  of  association  with  the  strength  of  the 
concrete  from  various  batches  as  those  for 
the  slump  1ests,  but  were  not  of  similar  mag- 
nitude. 

Concrete,  45-second  mixing  time 

Test  data  recorded  in  figure  4,  for  the  con- 
crete prepared  with  a  45-second  mixing  time, 
show  that  three  batches  of  concrete  had  high 
or  reasonably  high  strength  values  whereas 
one  had  a  low  value.  With  the  exception  of 
the  highest  strength  value  recorded,  for 
batch  16,  a  progressive  decrease  in  strength 
was  noted  for  a  scries  of  seven  batches  of 
concrete  (11-17).  The  first  batch  of  this 
series,  number  11,  had  a  strength  of  5,780 
p.s.i.  at  28  days  and,  except  for  batch  16,  the 
strengths  of  the  concretes  of  this  series  de- 
creased almost  uniformly  to  the  3,460  p.s.i. 
recorded  for  batch  17. 

A  progressive  increase  in  penetration  (a 
decrease  in  consistency)  was  shown  by  Kelly 
ball  tests  for  the  concrete  from  batches  11-15. 
However,  the  concrete  of  the  Kith  batch  had 
only  a.  small  penetration  value  and  that  of 
the  17th  batch  was  only  slightly  above  the 
average  for  concrete  in   this  series  of  batches. 

The  slump  measurement  for  batch  17  was 
of  some  magnitude,  but  the  slum])  measure- 
ments for  batches  II  16  followed  no  definite 
pattern. 

An  insufficient  number  of  Chace  meter 
tests  was  made  for  the  air  content  determina- 
tions of  concrete  in  this  series  of  batches  to 
be  of  any  assistance  in  explaining  the  progres- 
sive decrease  in  strength  for  this  series. 

Concrete,  60-second  mixing  time 

Data  from  the  tests  on  concrete  prepared 
with  a  60-second  mixing  time,  as  seen  in  figure 
4,  showed  only  a  few  correlations  between 
strength  and  consistency  or  air  content  of  the 
concrete  from  various  batches.  Concrete  in 
batches  1  and  2  had  relatively  low  values  for 
strength  and  high  values  for  consistency. 
Batch  2  concrete  also  had  a  high  air  content 
recorded  by  the  Chace  meter  test.  Batch  11 
concrete  had  the  highest  strength,  but  the  de- 
terminations for  consistency  or  air  content 
failed  to  show  any  reason  for  this.  Concrete 
batches  5-10  in  general  showed  an  irregular 
but  small  increase  in  strength  from  4,150  p.s.i. 
to  4,600  p.s.i.  Similarly,  a  small  decrease  in 
slump  measurement  was  noted  for  these  same 
batches,  but  the  Kelly  ball  and  Chace  air 
meter  tests  showed  no  trends  in  results  similar 
to  those  obtained  in  tests  for  strength. 
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Figure  .?. — Average  values  determined  from  various  tests  on  batches  of  concrete  mixed  for  20  and  30  seconds. 


Correlation  of  Test  Results 

In  three  out  of  four  cases,  more  definite 
correlation  was  found  between  the  test  results 
for  compressive  strength  of  concrete  and  the 
slump  measurement  than  between  the  test  re- 
sults for  strength  and  either  the  Kelly  ball 
penetration  or  the  Chace  air  meter  determina- 
tions. This  was  somewhat  of  a  disappoint- 
ment. It  had  been  hoped  that  the  Kelly  ball 
and  Chace  meter  test  results  would  correlate 
closely  with  results  of  the  strength  tests  of 
concrete.  Because  these  tests  for  consistency 
and  air  content  can  be  made  quickly,  it  had 
been  hoped  that  they  could  be  established  for 
use  as  acceptance  tests  with  the  definite  knowl- 
edge of  the  close  relationship  of  such  test  re- 
sults with  the  strength  of  concrete.  Such  a 
relationship,  however,  was  not  established  by 
tesl  results  of  this  study  and  the  slump  test 
remains  the  more  reliable  indication  of  the 
quality  of  concrete. 

Chace  Air  Meter  Test  Results 

Concretes  of  this  study  subjected  to  tests 
made  with  the  Chace  meter  had  an  average  air 
content  value  of  4.6  percent.  This  result  is 
sufficiently  different  from  the  average  air  con- 


tent value  of  4.0  percent  obtained  from  the 
tests  made  with  the  pressure  meter  to  warrant 
caution  in  accepting  test  results  obtained  with 
the  Chace  meter.  An  air  content  of  4.0  per- 
cent is  believed  by  many  authorities  to  be 
about  the  lowest  percentage  of  air  that  can  be 
permitted  and  at  the  same  time  assure  a  con- 
crete having  adequate  resistance  to  the  effects 
of  freezing  and  thawing.  Increase  in  the  air 
content  to  4.6  percent  should  be  accompanied 
by  a  marked  increase  in  the  durability  of  the 
concrete.  Consequently,  the  results  obtained 
in  this  study  with  the  Chace  meter  indicate  a 
durability  for  the  concrete  that  may  be  mis- 
leading. As  mentioned  by  others  in  reports 
on  studies  of  the  Chace  meter,  the  test  results 
obtained  with  this  instrument  should  be  con- 
sidered to  indicate  general  ranges  in  air  con- 
tent, i.e.,  high,  medium,  or  low,  and  more  pre- 
cise indications  should  not  be  expected. 

Control  of  Concrete  Strength 

In  his  paper  on  the  probabilities  of  obtain- 
ing concrete  of  uniform  strength,  How  Good  Is 
(rood  Enough,  presented  at  the  February  1961 


4  Journal  of  American  Concrete  Institute,  vol.  59,  No.  1, 
Jan.  1962,  pp.  31-45. 


Convention  of  the  American  Concrete  Insti- 
tute,4 Edward  A.  Abdun-Nur  makes  reference 
lo  the  excellent  Bureau  of  Reclamation 
control  of  the  strength  of  concrete.  Under 
this  control,  a  coefficient  of  variation  of 
practically  15  percent  is  obtained.  In  the 
analysis  of  the  data  for  the  Arkansas  project, 
it  was  decided  to  determine  the  coefficient  of 
variation  for  each  group  of  data  and  to  coin- 
pare  the  values  thus  obtained  with  those  for 
the  mean  deviation  from  the  average.  This 
latter  step  was  taken  because  the  mean  devi- 
ation is  considered  less  difficult  to  compute 
and  is  more  readily  understood.  In  addition, 
frequency  distribution  curves  were  prepared 
from  the  28-day  test  results  for  the  specimens 
representing  each  of  the  four  mixing  times. 

The  frequency  distribution  curves  are  shown 
in  figure  5.  The  curve  for  the  20-second 
mixing  time  indicates  that  most  values  lie  in 
a  range  of  from  3,100  p.s.i.  to  4,300  p.s.i. 
There  were,  however,  some  quite  high  test 
results,  which  caused  a  marked  misshape  of 
the  curve  and  a  shift  upward  in  the  average 
value.  In  the  interests  of  reliability  of  the 
findings  of  these  tests,  it  might  be  appropriate 
to  classify  the  six  highest  test  results  for  single 
cylinders    as    sufficiently    "wild"    to    warrant 
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Figure  4. — Average  values  determined  from  various  tests  on  batches  of  concrete  mixed  for  45  and  60  seconds. 


their  rejection  from  the  data  considered.  If 
this  were  done,  the  average  value  for  the 
remaining  test  values  would  become  3,750 
p.s.i.,  a  value  more  in  keeping  with  the  other 
findings  of  the  study. 

Although  the  curve  for  test  data  for  concrete 


from  the  45-second  mixing  time  also  shows 
a  lopsidedness  or  skewness  (as  did  that  for 
the  20-second  mixing  time),  the  test  data  fail 
to  show  any  particular  point  at  which  higher- 
values  might  be  considered  "wild"  or  unreli- 
able.    Consequently,    no   adjustment   of   the 
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average   value  has  been  attempted   for  these 
test  data. 

Values  for  coefficient  of  variation  and  mean 
deviation  from  the  average  are  plotted  in 
figure  6.  The  values  determined  by  tests  on 
concrete  from  the  20-second  mixing  time  do 
not  include  the  six  "wild"  results  previously 
mentioned.  Had  these  been  included,  the 
coefficient  of  variation  would  have  been  21.8 
percent,  and  the  mean  deviation  from  the 
average  would  have  been  17.2  percent.  For 
the  values  presented,  it  is  interesting  to  note 
that  the  coefficients  of  variation  are  close  to 
the  15  percent  mentioned  by  Abdun-Nur  as 
denoting  excellent  control  of  concrete  strength. 


20 


COEFFICIENT    OF    VARIATION 
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30  40  50 
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Figure  6.— Comparison  expressions  for  uni- 
formity of  compressive  strengths  of 
concrete. 
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II  is  also  noted  thai  the  mean  deviation  from 
the  average  follows  closely  the  trend  of  the 
coefficient  of  variation. 

On  the  basis  of  the  frequency  distribution 
curves  shown  in  figure  .">.  the  mosl  concordanl 
tesl  results  are  shown  to  have  been  obtained 
with  concrete  mixed  for  .'50  seconds.  Some 
concern  has  been  expressed  about  the  non- 
uniform lest  results  obtained  during  this 
study.  As  shown  in  figure  5,  values  markedly 
dilferent  from  the  average  were  obtained  for 
some  specimens  prepared  from  concrete  of 
each  mixing  time.  The  test  data  associated 
with  the  strengths  of  the  concretes  do  not 
indicate  why  such  variable  results  were 
obtained. 

From  a.  review  of  the  data  obtained  in  the 
L958  studies  for  the  different  mixing  times  of 
the  concrete,  it  was  noted  that  the  test  results 
had  generally  been  more  concordant.  Also, 
it  was  observed  that  when  the  concrete  tested 


during  the  previous  study  had  been  described 
as  harsh,  there  had  been  a  tendency  for  a 
marked  range  in  strength  test  results.  It  is 
believed  that  the  harshness  of  the  concrete 
used  on  the  Arkansas  project  caused  some 
exaggeration  of  the  differences  in  strength 
normally  found  in  tests  of  concrete  made 
during  construction.  With  a  more  plastic 
concrete,  even  lower  values  for  coefficient  of 
variation  should  be  obtained  than  those 
reported  here. 

Arkansas  Tests 

In  accordance  with  the  requirements  of  their 
standard  specifications,  the  Arkansas  Highway 
Department  drilled  cores  of  the  pavement  for 
use  in  making  determinations  of  the  thickness 
of  the  slab  and  the  compressive  strength  of 
the  concrete.  The  compression  tests  were 
made  on  cores  taken  from  the  pavement  at 
an  age  of  3  months.     Results  from  tests  on 


Table  2. — Compressive  strength  of  pavement 
determined  from  test  cores 


Mixing 

Number  of 

Average 

time 

specimens 

compressive 
strength 

Seconds 

P.s.i. 

20 

2 

3,760 

30 

A 

4,180 

45 

4 

4,060 

60 

3 

4,  530 

59  cores  showed  the  concrete  to  have  an 
average  strength  of  4,430  p.s.i.  with  maximum 
and  minimum  strength  values  of  6,060  p.s.i. 
and  2,410  p.s.i.,  respectively.  Strengths  for 
the  experimental  sections  of  the  pavement, 
determined  from  tests  on  the  cores,  are  shown 
in  table  2.  These  values  do  not  agree  with 
those  determined  in  tests  of  the  cylinders, 
but  they  do  show  that  concrete  of  adequate 
strength  was  furnished  even  when  mixing 
time  was  limited  to  20  seconds. 


Errata 


In  the  December  1961  issue  of  Public 
Roads,  vol.  31,  No.  11,  a  printer's  error 
appears  on  page  222,  in  table  1,  of  the  article, 
.4  Laboratory- Field  Study  of  Hot  Asphaltic 
Concrete  Wearing  Course  Mixtures.  The  fol- 
lowing words,  which  appear  in  the  eighth  and 
ninth  lines  of  the  first  column  of  table  1: 
"has  confusing  appearance.  Set  2 — "  should 
be  deleted. 
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Absolute  Viscosity  as  a  Specification 
Control  for  Bituminous  Binders 


BY  THE  DIVISION  OF  PHYSICAL  RESEARCH 
BUREAU  OF  PUBLIC  ROADS 


Reported  '  by  J.  YORK   WELBORN,  Chief, 

Bituminous  and  Chemical  Branch, 

and  WOODROW   J.    HALSTEAD,  Head, 

Bituminous  Materials  and  Chemical  Section 


The  potential  application  of  absolute  viscosity  <i.s  the  basis  for  controlling  /In- 
consistency of  bituminous  materials  is  of  great  interest  to  those  concerned  with 
the  procurement  and  use  of  such  materials.  The  historical  development  of 
present  specifications,  and  the  advantages  to  be  gained  by  a  change  that  would 
base  specification,  requirements  on  kinematic  values,  are  presented  in  this  article. 
Problems  related  to  the  adoption  of  absolute  viscosity  as  the  control  for  both 
asphalt  cements  and  litpiid  asphalts  are  pointed  out — more  complex  problems 
are  noted  for  asphalt  cements. 

A  brief  description  is  included  of  some  of  the  instruments  now  available  for 
determination  of  viscosity  of  each  type  of  asphaltic  material.  Included  in  a 
related  article  appearing  elsewhere  in  this  magazine  is  a  comparison  of  the 
Zeitfuchs  cross-arm  viscometer,  for  the  determination  of  kinematic  viscosity: 
and  the  Saybolt  furol  viscometer,  now  used  for  determination  offurol  viscosity. 


Introduction 

WHEN  ASPHALT  cement  first  came  into 
use  in  the  United  States  as  a  paving 
material,  it  was  common  practice  for  the 
engineer  or  chemist  to  determine  its  hardness 
by  chewing  a  small  portion  of  the  material. 
It  soon  became  evident  to  these  pioneers 
that  consistency  was  a  very  important  prop- 
erty of  bituminous  material  and,  during  the 
period  between  1890  and  1910,  the  penetration 
test  and  other  tests  were  devised  to  obtain 
more  precise  information  about  the  relative 
consistency  of  bituminous  materials. 

Technology  in  nearly  all  fields  of  science 
and  engineering  has  advanced  at  a  tremendous 
pace  since  1900,  and  the  knowledge  of  highway 
materials  possessed  by  engineers  today  is 
much  greater  than  that  of  the  pioneers. 
The  highway  engineer  now  uses  consistency 
values  to  select  a  bituminous  binder  for  a 
particular  use  and  also  as  a  basis  for  adjusting 
certain  construction  operations.  The  re- 
searcher has  established  the  importance  of 
consistency  on  the  ultimate  performance  and 
durability     of     pavements.        Despite     such 


i  This  article  was  presented  at  the  47th  annual  meeting  of 
the  American  Association  of  State  Highway  Officials,  Denver, 
Colo.,  Oct.  10,  1961, 


recognition  of  the  importance  of  consistency 
of  bituminous  material,  most  of  the  standard 
tests  being  used  today  to  measure  this  prop- 
erty are  essentially  the  same  as  those  de- 
veloped by  the  pioneers. 

Tests  currently  in  use 

There  is  little  doubt  that  the  tests  now  in 
use  have  done  and  are  doing  a  creditable  job; 
however,  they  have  an  inherent  weakness  in 
that  they  are  empirical  tests  and  measure 
consistency  in  a  wide  variety  of  units,  which 
have  only  an  indirect  relation  to  viscosity. 
For  example,  the  original  consistency  of 
liquid  asphalt  products  is  measured  by  the 
Saybolt  furol  viscometer  in  seconds,  a  unit 
of  time.  After  distillation,  the  consistency  of 
the  residues  of  slow-curing  materials  is 
measured  by  the  float  test  in  units  of  time. 
The  residues  of  the  medium-  and  rapid-curing 
cutbacks  are  measured  by  penetration  in 
units  of  length.  The  measurements  of  the 
Engler  viscometer,  used  for  testing  consistency 
of  tar  products,  are  reported  as  the  relation 
of  the  product's  consistency  to  the  viscosity 
of  water;  and  the  results  of  the  softening  point 
test  used  for  both  tar  and  semiasphaltic 
materials  are  reported  in  terms  of  tempera- 
lure.  Results  obtained  from  all  of  these 
tests  depend  on  the  type  of  instrument  used 
and   the   conditions   of   the   test. 


Because  of  the  variety  of  tests  and  units 
of  measurement,  the  highway  and  research 
engineers  are  hampered  in  relating  data  from 
one  type  of  test  with  that  obtained  from 
another.  Often,  fundamental  relationships 
involving  viscosity  cannot  be  determined 
because  of  the  failure  of  the  empirical  con- 
sistency test  to  measure  the  viscosity  ac- 
curately. Thus,  the  need  for  tests  that  will 
measure  the  consistency  of  all  types  of  as- 
phaltic or  tar  road  materials  in  one  basic 
unit  is  quite  evident,  and  the  logical  choice 
for  such  a  unit  is  the  fundamental  unit  of 
viscosity. 

While  this  idea  is  not  new,  having  been 
suggested  from  time  to  time  by  a  number  of 
different  writers  almost  from  the  very  be- 
ginning of  bituminous  highway  construction 
in  the  early  19()0's,  the  move  at  the  present 
time  has  more  impetus  and  the  backing  of 
a  greater  segment  of  both  research  and 
testing  organizations.  The  Highway  Re- 
search Board's  special  committee  on  problems 
of  mutual  interest  to  consumers  and  producers 
of  asphaltic  materials  has  urged  that  studies 
be  conducted  and  a  concentrated  effort  be 
made  to  develop  test  methods  and  apparatus 
so  that  specifications  can  be  based  on  vis- 
cosity in  absolute  units.  The  AASHO 
committee  on  materials  is  considering  the 
problem,  and  research  studies  are  being  con- 
ducted by  a  number  of  State  highway  de- 
partments, the  Asphalt  Institute,  individual 
producers  of  asphalt,  and  the  Bureau  of 
Public  Roads. 

Although  the  change  to  absolute  viscosity 
as  a  specification  control  is  clearly  desirable 
from  an  academic  standpoint,  the  fad  that 
the  empirical  tests  are  an  integral  part  of  the 
highway  engineer's  thinking  cannot  be  over- 
looked. Engineers  understand  I  he  significance 
of  results  of  the  present  tests  and  their  differ- 
ences in  values;  thus,  it  is  important  that  the 
effect  of  any  changes  to  absolute  viscosity  as 
the  standard  unit  of  measurement  for  asphalt 
consistency  he  considered  carefully.  The 
purpose  of  this  article  is  twofold;  namely,  to 
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consider  in  a  general  way  I  he  primary  problems 
connected  with  specification  control  by  means 
of  absolute  viscosity  for  both  liquid  asphaltic 
products  and  asphalt  cements,  and  to  review 
briefly  the  instrumentation  thai  is  available 
for  determining  viscosity  for  each  type  of 
material. 

Brief  Review  of  Basic  Concepts 

A  brief  review  of  the  basic  concepts  invoh  i  d 
and  the  definition  of  absolute  viscosity  are 
presented  to  point  out  some  of  the  funda- 
mental difficulties  that  must  be  overcome 
re  specification  control  of  consistency  in 
terms  of  absolute  viscosity  units  can  be  adopt- 
ed   for    all    types    of    bituminous    materials. 

Bituminous  materials,  being  essentially 
viscous  liquids,  are  extremely  susceptible  to 
viscosity  changes  as  temperatures  change. 
When  expressed  in  absolute  units,  the  vis- 
cosity  of  an  asphalt  cement  at  32°  F.  is  a 
billion  limes  its  viscosity  at  the  mixing 
temperature  (275°  to  300°  F.)  of  pavement 
materials.  At  the  present  time,  no  single 
instrument  is  available  to  measure  viscosity 
over  such  a  wide  range. 

The  research  technologist  needs  to  define 
correctly  the  rheological  properties  (flow)  of 
the  bituminous  material;  to  determine  the 
manner  in  which  these  properties  change  with 
changes  in  temperature;  to  establish  the  rela- 
tionship of  the  rheology  of  the  bituminous 
binder  to  the  characteristics  and  behavior 
shown  by  the  paving  mixture  in  the  laboratory, 
during  construction,  and  on  the  highway;  and 
to  prepare  specifications  that  will  control  the 
important  factors  within  the  desired  ranges. 
To  produce  deformation  and  flow,  a  force  is 
necessary.  Thus,  in  engineering  terms,  the 
primary  interest  of  the  technologist  is  in  the 
stress/strain  relationship  of  the  viscous  ma- 
terial. 

When  the  stress/strain  relationship  is  such 
that  the  strain  (flow)  is  directly  proportional 
to  the  stress,  the  material  is  a  true  (New- 
Ionian)  liquid.  When  the  shearing  stress  of  a 
Newtonian  liquid  is  plotted  against  the  flow 
produced  by  that  stress,  a  straight  line  through 
the  origin  results.  The  numerical  value  of  the 
slope  of  the  line,  when  expressed  in  the  proper 
units,  is  the  coefficient  of  viscosity  of  the  ma- 
terial, simply  referred  to  as  the  viscosity. 
However,  straight  lines  are  not  obtained  for 
many  viscous  materials  when  the  shearing 
stress  is  plotted  against  the  rate  of  shear.  The 
curve  may  bend  upward,  downward,  or  fail  to 
pass  through  the  origin.  Various  rheological 
terms  are  used  to  describe  specific  types  of 
deviation  from  the  straight  line,  but  in  this 
article  such  deviations  are  referred  to  as  com- 
plex-flow or  non-Newtonian  properties  of  the 
bituminous  material.  Most  asphalt  cements 
will  exhibit  such  complex-flow  properties  to 
some  extent  at  atmospheric  temperatures. 
The  degree  of  complexity  will  vary  for  different 
materials. 

Absolute  viscosity 

The  unit  of  absolute  viscosity  is  the  poise. 
When  a  shearing  stress  of  one  dyne  per  square 
centimeter  induces  a  unit  rate  of  shear,  the 
coefficient  of  viscosity  is  one  poise.     The  unit 
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rate  of  shear  is  obtained  when  two  parallel 
planes  of  the  liquid,  one  centimeter  apart, 
have  a  velocity  of  one  centimeter  per  second 
with  relation  to  each  other.  The  liquid  in 
between  the  reference  planes  is  considered  to 
consist  of  innumerable  parallel  planes,  each 
of  which  has  a  relative  velocity  that  is  pro- 
portional to  its  distance  from  the  reference 
planes.  It  should  be  noted  that  the  funda- 
mental unit  of  the  rate  of  shear  in  this  usage 
is  not  centimeters  per  second  as  might  be  im- 
plied by  the  terminology  used  but  is  centi- 
meters per  second  per  centimeter,  which  re- 
duces to  1/sec.  This  is  usually  referred  to  as 
seconds  _1  or  reciprocal  seconds. 

Kinematic  viscosity 

Kinematic  viscosity  is  often  used  instead  of 
absolute  viscosity,  and  its  unit  of  measure- 
ment is  stokes.  This  unit  is  the  result  ob- 
tained by  dividing  the  absolute  viscosity  in 
poises  by  the  density  of  the  liquid  under  test. 
Kinematic  viscosity  is  very  useful  for  labora- 
tory testing  because  it  can  be  obtained  directly 
without  knowledge  of  the  density  of  the  liquid 
by  measuring  the  flow  of  the  material  in  a 
capillary  tube.  Measurements  in  both  kine- 
matic viscosity  in  stokes  and  absolute  viscos- 
ity in  poises,  have  been  used  in  studies  made 
with  bituminous  road  materials.  For  asphalt 
cement,  there  is  essentially  no  difference  in 
the  numerical  value  of  viscosity,  whether 
expressed  in  terms  of  poises  or  stokes,  be- 
cause the  density  for  this  material  is  close  to 
1  gram  per  cubic  centimeter.  In  reporting 
absolute  or  kinematic  viscosity,  for  conven- 
ience, the  measurements  are  sometimes  ex- 
pressed in  terms  of  centipoises  or  centistokes, 
which  are  one-hundredth  of  a  poise  or  stoke, 
respectively.  Also,  the  terms  megapoise  or 
megastoke  are  used  to  denote  one  million 
poises  or  stokes,  respectively. 

The  problems  relating  to  the  application 
of  fundamental  units  of  measurement  for  ab- 
solute viscosity  to  the  liquid  asphalts  are  quite 
different  from  those  relating  to  asphalt  ce- 
ments of  the  penetration  grades;  therefore, 
each  type  of  material  will  be  discussed 
separately . 

The  Problejus  With  Respect  to 
Liquid  Asphalts 

A  survey  of  State  specifications  by  the 
Bureau  of  Public  Roads,  in  1931,  revealed  a 
great  difference  of  opinion  as  to  what  viscosity 
limits,  types  of  viscometers,  and  test  tempera- 
tures should  be  used  to  define  the  consistency 
of  liquid  asphaltic  road  materials  being  used 
at  that  time.  This  had  resulted  in  numerous 
specifications  and  often  had  caused  confusion 
in  the  production,  control,  and  utilization  of 
the  products. 

During  1932,  the  Asphalt  Institute  and  the 
Bureau  of  Public  Roads  promoted  and  held  a 
series  of  conferences  with  representatives  of 
the  State  highway  departments  in  an  effort 
to  simplify  and  standardize  specifications  for 
the  rapid  (RC),  medium  (MC),  and  slow  (SC) 
curing  asphaltic  road  materials.  The  outcome 
was  the  development  of  specifications  for  four 
grades    of    rapid    curing    and    six    grades    of 


medium  curing  cutbacks,  which  were  adopted 
by  the  Asphalt  Institute  in  1932,  by  the  Fed- 
eral Specification  Board  in  1933,  and  with 
minor  revisions  by  the  AASHO  in  1938. 
Specifications  for  five  grades  of  SC  materials 
were  also  recommended  and  have  been  used 
by  some  agencies,  but  these  have  not  been 
adopted  by  the  AASHO. 

These  specifications  represented  a  great 
improvement  over  the  previous  specifications 
by  providing  standards  for  systematic  grad- 
ing; however,  uniformity  was  still  lacking  in 
the  viscosity  ranges  specified  for  the  various 
grades  of  different  types  of  materials.  Four 
temperatures:  77°  F.,  122°  F.,  140°  F.,  and 
180°  F.  were  used  when  measuring  the  furol 
viscosity.  It  was  found  that  when  the  vis- 
cosity limits  were  converted  to  one  tempera- 
ture, 140°  F.,  the  same  number  or  grade 
designation  did  not  indicate  the  same  vis- 
cosity limits  for  SC,  MC,  and  RC  products, 
and  the  total  range  of  viscosity  was  different 
for  each  type  of  material.  Also,  the  gaps 
between  consecutive  grades  were  variable  and, 
in  two  cases,  the  maximum  viscosity  of  one 
grade  of  material  was  higher  than  the  mini- 
mum viscosity  of  the  material  of  the  next 
heavier  grade.  These  relations  are  shown  in 
figure  1. 
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Figure  1. — Comparison  of  previous,  present, 
tind  proposed  viscosity  limits. 

Subsequent  meetings  were  held  by  the 
Bureau  of  Public  Roads  and  State  highway 
departments  to  correct  some  of  the  deficiencies 
of  the  simplified  specifications  developed  in 
1932.  The  specifications  in  general  use  today 
were  developed  at  these  later  meetings. 
These  current  specifications  for  MC  and  RC 
cutback  were  adopted  by  AASHO  in  1942  and 
those  for  SC  liquid  asphalts  were  adopted  in 
1949.  In  these  specifications,  each  type  of 
liquid  asphalt  has  been  divided  into  six 
grades  numbered  0  to  5,  inclusive.  The 
same  viscosity  range  for  a  given  grade  has 
been  established  for  SC,  MC,  and  RC  materi- 
als. The  minimum  and  maximum  limits  of 
viscosity  were  selected  so  that  each  grade  of 
material  would  be  covered  by  approximately 
the  same  increment  of  viscosity  at  140°  F. 
when  the  viscosity  was  plotted  on  a  logarith- 
mic scale.     The  maximum  viscosity  permitted 
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Figure  2. — Zeitfuchs  cross-arm  capillary 
viscometer. 


for  a  given  grade  was  specified  at  approxi- 
mately twice  the  minimum  viscosity  permitted. 
Also,  these  revised  specifications  provided  for 
a  small  but  definite  gap  between  the  maximum 
viscosity  permitted  for  one  grade  of  material 
and  the  minimum  viscosity  established  for 
the  next  heavier  grade.  The  revised  limits 
for  viscosity  are  also  shown  in  figure  1. 

Although  furol  viscosity  at  140°  F.  was  used 
as  the  basis  for  establishing  the  limits  of  the 
various  grades,  actual  tests  could  not  be  made 
at  this  temperature  on  all  grades  of  material 
because  of  limitations  of  the  furol  instrument. 
For  the  most  fluid  grades  of  asphalt,  flow  from 
the  furol  viscometer  is  too  fast  at  this  tempera- 
ture and  inaccurate  measurements  are  caused 
by  turbulent  flow;  and  for  the  heavy  grades, 
flow  is  too  slow  at  this  temperature  for  ac- 
curate results.  Thus,  it  was  necessary  to 
establish  the  approximate  equivalents  at 
other  temperatures .  Four  temperatures  vary- 
ing from  77°  F.  to  180°  F.  were  used  to  meas- 
ure furol  viscosity  of  the  six  standard  grades 
of  materials.  A  temperature  of  210°  F.  has 
also  been  used  for  more  viscous  materials, 
such  as  the  SC-6  grade  specified  by  AASHO. 

This  limitation  of  instrumentation  has  now 
been  overcome  by  the  design  of  capillary 
tube  instruments  that  measure  the  viscosity 
of  opaque  liquids,  and  by  the  availability  of 
such  viscometers  in  a  range  of  capillary  tube 
diameters.  With  these  instruments  the  kine- 
matic viscosity  for  all  grades  of  liquid  asphaltic 
materials  can  be  determined  rapidly,  and  with 
a  high  degree  of  precision,  at  140°  F. 

Because  a  relatively  precise  conversion  can 
be   made   from   furol   viscosity   to    kinematic 
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viscosity,  no  fundamental  problems  are  in- 
volved in  changing  the  specification  control  of 
the  liquid  grades  of  asphaltic  materials  from 
furol  seconds  to  the  kinematic  viscosity  in 
centistokes.  The  kinematic  viscosity  in  centi- 
stokes  is  very  close  to  twice  the  furol  viscosity, 
and  one  value  can  be  easily  converted  to  the 
other. 

Several  capillary  tube  instruments  of 
various  designs  are  available;  all  give  satis- 
factory results,  but  the  Zeitfuchs-type  capil- 
lary appears  to  be  the  most  popular.  This 
tube  is  illustrated  in  figure  2.  With  this 
instrument  the  kinematic  viscosity  is  deter- 
mined by  measuring  the  time  of  flow  of  the 
sample  between  the  two  calibration  points  on 
the  tube.  Viscosity  is  then  a  constant  multi- 
plied by  the  time.  The  constant  for  each 
tube  is  dependent  on  the  diameter  of  the  tube 
and  volume  between  the  calibration  points, 
and  is  determined  by  calibration  with  a 
standard  oil  of  known  viscosity  obtained  from 
the  National  Bureau  of  Standards  or  the  Can- 
non Instrument  Co.,  State  College,  Pa. 

An  important  step  toward  the  practical 
application  of  kinematic  viscosity  to  control 
the  consistency  of  liquid  asphalts  was  taken 
at  the  Fourth  Pacific  Coast  Conference2  on 
Asphalt  Specifications  held  at  San  Francisco, 
Calif.,  May  10-11,  1961.  This  Conference 
adopted  recommendations  to :  (1)  Reduce  the 
number  of  grades  of  each  type  of  liquid 
asphalt  from  six  to  four,  (2)  realine  the 
viscosity  limits,  and  (3)  express  these  limits 
in  units  of  kinematic  viscosity  at  140°  F. 
The  Conference  also  recommended  that  the 
Saybolt  furol  method  of  test  be  retained  as 
an  alternate,  with  the  results  being  converted 
to  kinematic  viscosity  in  centistokes.  Figure 
1  shows  the  viscosity  limits  for  the  four 
grades  and  a  comparison  of  these  limits  with 
those  of  the  present  AASHO  specifications. 
The  grades  are  designated  by  type  and  the 
numerical  lower  limit  of  kinematic  viscosity, 
such  as  SC-70,  MC-70,  RC-70,  etc.  These 
new  specifications  were  effective  January  1, 
19G2,  in  those  States  accepting  the  recom- 
mendations of  the  Conference. 

The  advantages  to  the  materials  and 
cdiist  ruction  engineers  resulting  from  adoption 
of  these  new  specification  controls  can  be 
briefly  summarized,  as  follows:  (1)  All  deter- 
minations made  in  the  materials  laboratory 
can  be  made  from  tests  conducted  at  one 
temperature,  140°  F.,  instead  of  the  four  or 
five  temperatures  now  required;  (2)  experience 
has  shown  that  time  will  be  saved  in  testing; 
(3)  tests  can  be  made  more  economically 
because  additional  capillary  viscosity  tubes 
cost  less  than  extra  tubes  for  the  furol  vis- 
cometer; (4)  better  precision  of  test  results 
can  be  expected;  (5)  the  availability  of  results 
in  fundamental  units  will  permit  a  more 
scientific  evaluation  of  the  relation  of  consist- 
ency to  the  road  behavior  of  these  materials. 


2  States  included  in  the  Pacific  Coast  Conference  on 
Asphalt  Specifications  are:  Arizona,  California,  Idaho, 
Montana,  Nevada,  Oregon,  and  Washington. 


The  Problems  With  Respect  to 
Asphalt  Cements 

In  the  foregoing  discussions,  it  was  indicated 
that  there  were  no  serious  problems  and  a 
number  of  advantages  with  respect  to  spec- 
ifying kinematic  limits  for  liquid  asphaltic 
materials.  However,  the  adoption  of  funda- 
mental units  to  asphalt  cements,  with  the 
complete  elimination  of  the  penetration  test, 
presents  very  complex  problems.  These  prob- 
lems are:  (1)  Asphalt  cements  differ  widely 
in  viscosity-temperature  susceptibility  so  that 
materials  of  equal  viscosity  at  one  temperature 
may  have  widely  different  viscosities  at  oilier 
temperatures.  (2)  Asphalt  cements  at  atmos- 
pheric temperatures  exhibit  complex  flow 
properties.  The  degree  of  complex  flow 
differs  for  asphalts  produced  from  different 
crude  sources  and  by  different  methods  of 
refining.  (3)  The  degree  of  complex  flow 
changes  with  temperature  changes  for  indi- 
vidual asphalts;  it  also  changes  during 
hardening  in  service. 

These    same    problems    also    apply    to    the 
application  of  absolute  viscosity  as  a  specifica- 
tion control  for  residues  from  the  distillation 
of  the  cutback  asphalts.     The  primary  prob- 
lems, nonuniformity  and  varying  behavior  in 
service  of  asphalt  cements  meeting  the  same 
specification,    arise    from    the    difference    in 
viscosity-temperature  susceptibility  of  differ- 
ent materials.     It  is  well  known  that  a  group 
of  asphalts,  having  identical  penetrations  and 
also  identical  viscosities  at  77°  F.,  can  have 
widely  different  viscosities  at  high  tempera- 
tures, such  as  those  used  for  mixing.     Viscosi- 
ties at  140°  F.,  the  usual  maximum  for  pave- 
ment temperatures,  can  also  be  significantly 
different.     These  differences  are  of  consider- 
able concern  in  a  number  of  States,  especially 
those   in   which   a   wide   variety   of  types   of 
asphalts  are  available.     A  number  of  sugges- 
tions   have    been    made    for    minimizing    the 
differences;    such    as    placing    minimum    or 
minimum  and  maximum  limits  on  the  furol 
viscosity  of  the  asphalt  at  250°  F.  or  275°  F. 
At  present  there  also  is  considerable  interest 
in  the   possibilities   of  basing  the   control  of 
asphalt  cement  grade  on  the  absolute  viscosity 
at    140°    F.     Such   control  standards   appear 
reasonable  at  first  glance;  but,  a  study  of  the 
possible    variations    under    such     conditions 
shows  that  specification  control  by  viscosity 
at  only  one  temperature,  140°  F.  may  not  be 
sufficient  and  could  be  even  less  desirable  than 
the  present  standard  for  control  at  77°  F.  by 
means  of  penetration. 

Effects  of  change  to  control  at  140°  F. 

Figure  3  was  constructed  to  illustrate  the 
possible  effects  of  changing  from  control  by 
penetration  at  77°  F.  alone  to  viscosity  meas- 
ured at  the  single  temperature  of  140°  F. 
The  curves  are  approximations  based  on  the 
assumption  that  the  log  of  the  log  of  viscosity 
in  centipoises  plotted  against  the  log  of  abso- 
lute temperature  in  degrees  Rankine  (°  F.+ 
459.7)  gives  a  straight  line  over  the  entire 
range  of  temperature  from  20°  to  350°  F. 
Actual  curves  for  asphalts  generally  show  good 
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conformity  to  this  concept  but  there  are  indi- 
cations thai  some  materials  deviate  from  a 
straight  line  because  of  unusually  complex 
flow  characteristics. 

Th(  -lopes  of  the  lines  in  figure  3  represent 
the  extremes  encountered  with  commercially 
available  85  100  penetration  grade  asphalts 
in  the  recent  study  made  by  the  Bureau  of 
Public  Roads.3  The  solid  lines  are  arbitrarily 
drawn  to  cross  at  77°  F.  at  a  viscosity  of  1 
megapoise  (one  million  poises),  which  is  ap- 
proximately equivalent  to  a  penetration  of  93. 
The  figure  93  was  calculated  from  a  general 
relation  between  viscosity  and  penetration 
that  was  developed  from  actual  tests  made 
on  a  large  number  of  asphalts  in  the  Bureau 
of  Public  Roads  laboratory.  This  relationship 
agrees  closely  with  published  relationships. 

The  dotted  lines  were  obtained  by  bringing 
the  curves  together  at  140°  F.  (the  suggested 
point  of  control)  in  terms  of  viscosity.  Table 
1  shows  the  effect  of  maximum  differences 
in  viscosity-temperature  susceptibility  at 
everal  points  of  major  interest.  First, 
when  control  is  based  on  penetration  measured 
at  77°  F.,  it  is  indicated  that  two  materials 
having  the  same  viscosity  at  77°  F.  could 
have  viscosities  as  low  as  1,500  poises  and 
as  high  as  1,000  poises  at  140°  F.  The  mixing 
temperature  based  on  a  viscosity  of  100 
furol  seconds  (200  centipoises  or  2  poises) 
would  be  273°  F.  for  the  material  of  high 
viscosity-temperature  susceptibility,  and  332° 
F.  for  the  material  with  low  viscosity-temper- 
ature susceptibility.  There  is  no  specific 
information  that  can  be  used  to  show  pre- 
cisely the  point  a!  which  a  pavement  becomes 
brittle,  but  it  is  believed  that  a  relative 
indication  of  this  tendency  can  be  obtained 
by  considering  the  temperature  at  which 
the  viscosity  reaches  :i  value  of  100  mega- 
poises,  which  is  approximately  equivalent 
to  a  penetration  of  10.  The  range  of  temper- 
ature for  the  solid  curves  in  figure  3  is  from 
41    IS°F. 


-:  Propel  'mini  Asphalts,  Parti,  85-100  Penetra- 

tion,  by  J.  Y.  Welborn  and  W.  J,  Ha  "    blii   Roads, 

vol.30,  No.  9,  Aug,  1959,  pp.  197-207. 
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If  the  control  is  shifted  to  140°  F.,  as 
a  by  the  dotted  lines,  it  Incomes  evident 
that  differences  in  viscosity  of  the  asphalt 
would  be  eliminated.  Differences  in  temper- 
ature at  the  mixing  viscosity  would  be  re- 
duced, the  minimum  temperature  becoming 
284°  F.  and  the  maximum  319°  F.  However. 
at  a  temperature  of  77°  F.  or  lower  the  pos- 
sible variations  encountered  are  much  greater 
than  might  be  expected.  The  curve-  show 
that  the  material  most  susceptible  to  tempera- 
ture variations  would  have  a  viscosity  of  2.3 
megapoises,  which  is  approximately  equiva- 
lent to  a  penetration  of  63;  where,:-,  the  ma- 
terial with  the  least  susceptibility  would  have 
a  viscosity  of  0.5  megapoise,  which  is  equiva- 
lent to  a  penetration  of  132.  The  tempera- 
ture range  for  100  megapoises  viscosity  (ap- 
proximately 10  penetration)  would  also  in- 
crease; the  new  minimum  would  be  34°  F. 
and  the  maximum  53°  F. 

The  general  curves  in  figure  3  are  based  on 
two  materials  having  the  same  viscosity  at, 
the  center  of  any  given  (or  proposed)  grade 
limits.  However,  actual  variations  could  be 
considerably  greater  if  the  maximums  and 
minimums  of  the  asphalt  grades  were  con- 
sidered. These  possibilities  are  shown  by  the 
values  in  table  1.  It  is  of  particular  interesl 
to  note  that,  if  viscosity  limits  at  140°  F.  of 
1,500  to  3,000  poises  were  used  as  the  limits 
for  a  particular  grade,  differences  in  penetra- 
t  ion  at  77°  F.  could  range  from  a  minimum  of 
48  to  a  maximum  of  195.  Although  it  may 
be  possible  to  design  pavements  making  use 
of  materials  with  such  different  penetrations, 
it  is  obvious  that  some  control  is  needed  to 
prevent  them  from  being  supplied  by  the 
same  specification. 

Most  asphalt  technologists  agree  that  it 
may  be  necessary  to  control  consistency  at 
two  temperature  points  (or  possibly  three), 
thereby  reducing  the  possibility  of  having 
materials  with  such  differences  meeting  the 
requirements  of  the  same  specifications.  At 
the  present  time,  it  is  not  possible  to  recom- 
mend what  these  points  should  be.  However, 
from  consideration  of  the  various  possibilities 
illustrated  in  figure  3  and  table  1,  it  appears 
that  one  of  the  control  points  should  be  at 
77°  F.  or  lower. 

Up  to  this  point,  only  the  problems  related 
to  the  differences  in  viscosity-temperature 
susceptibility    of   the    various    asphalts    have 


been  discussed.  It  has  been  assumed  that 
the  deviations  of  paving  asphalts  from  true 
liquids  are  not  sufficiently  different  to  affeel 
,-pecilication  control.  This  assumption  is 
valid  for  values  at  140°  F.  and  above,  but  for 
values  at  lower  temperatures,  the  complex 
flow  characteristics  of  many  materials  would 
significantly  affect  the  measured  viscosity. 
The  results  of  tests  made  at  different  shear 
rates  give  different  apparent  viscosities.  To 
provide  comparable  ciata,  it  has  become 
customary  to  report  the  apparent  viscosity  of 
all  asphalt  materials  at  a  "standard"  shear 
rale.  Several  rates  or  systems  of  reporting 
have  been  suggested  for  different  viscositj 
ranges,  but  more  information  is  needed  as  to 
which  rate  most  nearly  relates  to  the  shearing 
forces  in  the  pavement.  Viscosity  differences 
at  different  shear  rates  further  emphasize  the 
need  to  have  at  least  one  of  the  control  points 
at  a  temperature  appreciably  below  140°  F. 

Instruments  Available 


It  is  important  that  insi  ruments  be  available 
that  will  permit  rapid  and  precise  viscosity 
measurements  in  the  laboratory.  As  men- 
tioned earlier,  the  wide  range  of  viscosity  in 
asphaltic  materials  makes  it  impracticable  to 
obtain  results  by  using  only  one  instrument. 
However,  various  instruments  now  available 
will  permit  coverage  of  most  of  the  desired 
range. 

One  of  the  most  popular  viscometers  usej| 
in  asphalt  research  in  the  last  few  years  has 
been  the  sliding  plate  microviscometer  (fig.  4). 
This  instrument,  developed  by  the  Shell 
Development  Co.,  is  useful  for  determining 
viscosities  from  approximately  100  thousand 
to  100  million  poises.  For  asphalt  cements, 
this  represents  a  temperature  range  from  a 
low  of  40°  to  50°  F.  up  to  a  high  of  fromf" 
120°  to  140°  F.,  depending  on  the  grade  of 
material. 

The  test  specimen  for  the  sliding  plate 
microviscometer  is  a  'sandwich''  of  asphalt 
between  two  glass  plates.  In  operation,  one 
of  the  plates  is  held  rigidly  in  the  instrument 
and  the  other  is  attached  to  one  part  of  a 
balance  arm.  A  load  is  applied  to  the 
opposite  end  of  the  arm  and  the  movement 
of  the  one  plate  with  respect  to  the  other  is 
recorded.  This  provides  data  from  which 
the  rate  of  shear  at  various  shearing  stresses 
can    be    calculated.     The    apparent    viscosity 
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Table  1. 


Effect  of  difference* 


in  viscosity-temperature  susceptibility  for  asphalts  of  same 
grade  ] 


Present  control  at  77    F. 

Proposed  control  at  140°  F. 

Variation  for 

equal  values 

:ii  centei  oi 

grade 

Total  possible 

variation 

Variation  for 

equal  values 

at  center  of 

grade 

Total  possible 

variation 

Penetration  at  77°  F.,  100  g.,  5  seconds 

2  93 

-  1.0 

1,  500-4.  000 

41-48 

273-332 

2  85-101) 
0.88-1.25 
1.  300-5.  .5011 

38-50 

-'70-337 

03-132 

0.50-2.30 

s  2,  300 

34-53 

284-319 

48-195 
0.  22-4.  0 
2  1,500-3.000 

30-57 

268-324 

Viscosity  at  77°  F._  megapoises  . 

Viscosity  at  140°  F poises. 

Temperature   range   for   100  megapoise  viscosity, 
(approximately  10  penetration)         .-.  _       -°  F 

Temperature   range  for  200  centipoise   viscosity, 
(approximately  100  furol-seconds)  —  .      .     .'P.. 

1  Values  shown  are  approximations  based  on  general  relationships  and  maximum  and  minimum  susceptibility  of  asphalts 
produced  in  the  United  States. 

2  Control  point. 
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Figure  4. — Sliding  plate  viscometer. 


at  a  predetermined  "standard"  shear  rate  is 
reported  as  the  viscosity  of  the  material. 
This  instrument  cannot  be  used  to  measure 
the  viscosity  of  most  asphalts  at  140c  F. 
because  of  the  difficulty  of  holding  the  speci- 
men in  place  and  the  extremely  low  shearing 
stresses  involved.  Several  instruments,  such 
as  the  rotating  cylinder-type  or  the  vacuum- 
operated  capillary  viscometer,  are  available 
thai  can  be  used  to  measure  the  viscosity  of 
asphalts  at   this  temperature. 

At  present,  the  greatest  interest  is  being 
shown  in  the  use  of  the  vacuum-operated 
capillary-type  of  viscometer,  which  is  illus- 
trated in  figure  5.  With  this  device,  the 
rate  of  rise  of  the  liquid  in  a  capillary  tube  is 
measured  for  specific  values  of  vacuum  applied 
at  the  top.  The  basic  equation  for  capillary 
flow  can  then  be  used  to  calculate  the  absolute 
viscosity.  Different  sizes  of  capillaries,  dif- 
ferent heights  of  rise,  and  different  amounts  of 
vacuum  can  be  employed  to  provide  measure- 
ments over  a  relatively  wide  range  of  vis- 
cosities. Figure  5  shows  the  Koppers  tube, 
which  was  developed  some  time  ago;  other 
designs  of  vacuum-operated  capillary  instru- 
ments, which  employ  the  same  principle 
of  operation,  also  are  now  available. 

A  Zeitfuchs-type  capillary  instrument, 
previously  discussed,  is  convenient  to  use  for 


determining  the  viscosity  of  asphalt  cements 
at  high  temperatures,  such  as  those  used  for 
mixing.  The  furol  instrument  can  also  be 
used  at  these  high  temperatures  and  the 
results  converted  to  kinematic  units  of 
viscosity. 

With  a  combination  use  of  the  sliding 
plate,  vacuum-operated  capillary,  and  Zeit- 
fuchs  viscometers,  the  range  of  viscosities 
from  1  poise  to  100  million  poises  can  easily 
be  covered,  'out  these  instruments  cannot 
provide  all  the  measurements  considered 
desirable.  Good  instrumentation  to  measure 
viscosity  at  temperatures  around  0°  to  40°  F., 
where  viscosities  arc;  in  the  range  of  1  billion 
to    possibly    1,000    billion    poises,    is    needed. 

It  is  believed  also  that  a  concerted  effort 
should  be  made  to  establish  the  relat  ive  impor- 
tance of  rheological  differences  in  binders, 
such  as  shear  susceptibility,  age  hardening,  or 
gelling;  these  factors  are  not  fully  taken  into 
account  by  the  present  practice  of  expressing 
viscosity  at  a  "standard"  shear  rate.  In 
particular,    studies   at   low   temperatures   are 
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Figure  5.  —  Vacuum  capillary  viscometer. 


needed  to  develop  the  relation  of  pavem 
brittlencss  to  the  properties  of  the  binder. 
Instruments  are  also  needed  to  measure 
apparent  viscosities  at  such  low  temperatures. 
While  the  asphalt  industry  in  general  has 
shown,  and  continues  to  show,  a  very  coopera- 
tive attitude  with  respect  to  such  studies,  the 
primary  responsibility  to  establish  overall 
relationships  and  to  translate  these  relation- 
ships in  terms  of  specification  requirements 
rests  with  the  various  Stale  highway  depart- 
ments. It  is  hoped  that  the  States,  through 
their  own  research  and  the  cooperative  re- 
search with  the  Bureau  of  Public  Roads,  will 
accept  the  challenge  that  these  problems 
represent. 

Summary 

To  summarize,  the  problems  relating  to 
specification  control  of  bituminous  materials 
have  been  shown  to  be  quite  different  with 
respect  to  the  liquid  asphaltic  products  and 
the  asphalt  cements.  The  present  specifica- 
tions for  liquid  asphaltic  road  materials  are 
based  on  relationships  of  furol  viscosity  at 
140°  F.  for  all  grades,  and  the  changeover  to 
specifications  based  on  kinematic  units  at 
140°  F.  could  be  accomplished  easily  because 
the  furol  viscosity  can  be  converted  to  kine- 
matic units  with  satisfactory  accuracy.  The 
primary  advantages  to  such  a  changeover 
would  be  the  convenience  of  being  able  to 
make  all  laboratory  tests  at  the  same  tempera- 
ture, and  the  resultant  ready  availability  of 
the  data  in  fundamental  units,  which  would 
permit  direct  comparisons  of  different  grades 
and  types  of  liquid  asphaltic  materials. 

It  is  very  important  that  the  rheological 
properties  of  asphalt  cements  be  considered 
before  viscosity  limits  based  on  temperatures 
other  than  those  now  used  are  established. 
It  is  recognized  that  the  present  empirical 
methods  have  shortcomings,  and  that  studies 
should  be  continued  toward  the  establishment 
of  controls  on  the  basis  of  viscosity  tests.  The 
use  of  fundamental  consistency  relationships 
should  be  introduced  into  pavement  design 
and  research  studies.  However,  one-point 
control  of  viscosity,  such  as  at  140°  F.,  could 
possibly  create  greater  differences  with  ma- 
terials of  the  same  grade  than  now  exist  with 
present  grades  and  controls.  Therefore,  care- 
ful study  of  the  effects  of  such  a  change  and 
the  possibility  of  establishing  controls  at  two 
or  more  temperatures  should  be  considered 
before  viscosity  units  are  adopted  for  grading 
asphalt  cement. 
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The  use  of  the  Zeitfuchs  cross-arm  viscometer  has  recently  been  proposed  for 
measuring  the  kinematic  viscosity  of  ctitback  asphalt.  This  proposal  is  largely 
a  result  of  the  current  trend  toward  measurement  of  the  properties  of  bituminous 
materials  by  fundamental  methods  rather  than  by  the  customary  empirical 
methods.  The  work  reported  in  this  article  was  undertaken  to  determine  the 
feasibility  of  the  instrument  for  this  purpose. 

A  technique  teas  developed  for  determining,  with  a  high  degree  of  precision, 
the  kinematic  viscosity  of  cutbacks  with  the  Zeitfuchs  viscometer.  A  comparison 
was  made  with  the  presently  specified  Saybolt  furol  viscometer.  It  was  found 
that,  with  the  neiv  technique,  significantly  better  precision  ivas  obtained  with 
the  Zeitfuchs  viscometer  than  with  the  Saybolt  furol  instrument,  and  that  the 
former  was  more  convenient  to  use.  The  feasibility  of  using  the  proposed 
instrument  for  determining  the  viscosity  of  all  grades  of  ctitback  at  the  same 
temperature  teas  confirmed. 


Conclusions 


: 


Introduction 

CONSIDERABLE  interest  exists  in  a  move 
to  establish  absolute  viscosity  as  the  stand- 
ard for  the  measurement  of  consistency  of  bitu- 
minous materials.  (See  the  article,  Absolute 
Viscosity  as  a  Specification  Control  for  Bitumi- 
nous Binders,  appearing  elsewhere  in  this 
magazine.)  This  interest  has  been  generated 
by  two  factors — the  trend  toward  measure- 
ment of  fundamental  properties  of  materials 
for  the  control  of  quality  in  production  and 
research,  and  the  present  availability  of  prac- 
tical instruments  with  which  to  make  such 
mi   a   urements. 

One  of  the  various  proposals  that  has  been 
made  in  this  area  is  that  the  Zeitfuchs  cross- 
arm  capillary  viscometer  be  used  to  determine 
the  kinematic  viscosity  of  cutback  asphalts 
and  that  kinematic  viscosity  be  used  as  the 
measurement  of  consistency  rather  than,  or  as 
an  alternate  to,  the  presently  specified  Saybolt 
furol  viscosity  (/).'  The  Zeitfuchs  cross-arm 
instrument  is  suitable  tor  measuring  viscosity 


'  References  indicated   by  italic  numbers  in  parentheses 
are  listed  on  page  251. 
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of  opaque  liquids  and,  because  of  its  availa- 
bility in  a  variety  of  capillary  diameters,  it 
is  also  useful  for  making  viscosity  determina- 
tions at  one  temperature  for  all  grades  of 
cutback  asphalts. 

Although  some  State  highway  departments 
have  used  the  Zeitfuchs  viscometer  to  deter- 
mine viscosity  for  both  asphalt  cements  and 
cutback  asphalts,  the  producers  of  asphalt 
probably  have  used  it  to  a  greater  extent. 
The  Phillips  Petroleum  Co.  reports  that  it  has 
used  this  instrument  for  a  numbe*  of  years  to 
control  the  viscosity  of  its  cutback  products. 
This  company  has  urged  that  kinematic  vis- 
cosity be  included  as  an  alternate  to  the  Say- 
bolt furol  viscosity  requirement  in  current 
specifications  for  cutback  asphalts  {2,  3). 

The  comparison  of  the  two  viscometers 
reported  in  this  article  was  made  in  an  effort 
(1)  to  develop  a  technique  for  utilizing  the 
Zeitfuchs  cross-arm  viscometer  that  might  be 
suitable  for  inclusion  in  specifications,  and  (2) 
to  obtain  data  for  estimates  of  precision  that 
can  be  expected  when  this  instrument  is 
used  to  measure  viscosities  of  cutback  as- 
phaltic  materials. 


Results  obtained  from  tests  with  both  tht 
Zeitfuchs  cross-arm  capillary  viscometer  anc 
the  Saybolt  furol  viscometer  confirmed  tht 
feasibility  of  using  the  Zeitfuchs  instrumem 
for  the  determination  of  kinematic  viscositj 
for  all  grades  of  cutback  asphalt.  This  was 
specifically  demonstrated  by  tests  made  al 
140°  F.  with  cutback  asphalts  of  the  present 
specification  grade  5  and  with  the  proposec 
specification  grades  of  light  (grade  70),  light 
medium  (grade  250),  and  heavy  (grade  3,000) 
for  both  the  rapid-  and  medium-curing  types 

With  the  procedure  developed  during  this 
study  better  precision  for  viscosity  determina- 
tions of  all  grades  of  cutback  asphalts  may  be 
expected  with  the  Zeitfuchs  viscometer  than 
with  the  Saybolt  furol  viscometer.  This  pro- 
cedure permits  precise  control  of  the  volume 
of  asphaltic  material  used  in  the  test  and  the  r 
careful  treatment  of  the  asphalt  sample,  which 
are  believed  to  be  necessary  for  obtaining 
good  repeatability  of  results. 


Laboratory  Tests 

Three  replicated  determinations  of  viscosity 
on  each  of  four  grades  of  rapid  curing  (RC) 
and  medium  curing  (MC)  types  of  cutback 
asphalt  were  made  in  the  laboratory  with  both 
the  Zeitfuchs  and  Saybolt  furol  viscometers. 
The  determinations  with  the  Zeitfuchs  tubes 
were  made  at  a  temperature  of  140°  F.,  in 
accordance  with  the  ASTM  method  (4).  The 
Saybolt  furol  determinations  also  were  made 
in  accordance  with  the  applicable  ASTM 
method  (5),  at  temperatures  appropriate  for 
each  grade.  The  samples  were  not  filtered  as 
specified  in  these  test  designations  because 
they  contained  appreciable  amounts  of  vola- 
tile thinner.  The  three  determinations  repre- 
senting a  replicated  set  were  made  simultane- 
ously for  the  Saybolt  furol  viscosity  tests  and 
consecutively  for  the  kinematic  viscosity  tests. 
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Figure  l.—Luer  hypodermic  syringe  usefl  to 
fill  viscometer. 

Tin.'  test  data  were  treated  by  the  usual 
statistical  procedures  to  determine  the  preci- 
sion of  results  obtained  for  each  instrument 
for  each  type  of  cutback. 

Materials  used  in  tests 

The  basic  materials  used  in  the  preparation 
of  the  cutbacks  for  the  comparison  tests  are 
described  in  the  following  list. 

Grade  5  rapid  curing  cutback  asphalt,  with 
laybolt  furol  viscosity  of  327.6  seconds  a1 
180°  F. 

Rapid  curing  cutback  thinner  (cutter  stock). 

Grade  5  medium  curing  cutback  asphalt, 
with  Saybolt  furol  viscosity  of  408.6  seconds 
at  180°  F. 

Medium  curing  cutback  thinner  (culler 
Stock) . 

The  base  cutback  asphalts  were  thinned  with 
the  proper  volumes  of  the  appropriate  diluent 
to  obtain  materials  within  the  viscosity  ranges 
for  the  heavy  (grade  3,000),  light  medium 
(grade  250),  and  the  light  (grade  70)  grades 
'of  cutback  materials  proposed  at  the  Fourth 
Pacific  Coast  Conference  on  Asphalt  Specifi- 
cations, May  1961.  The  Saybolt  furol  vis- 
cosities for  these  grades  were  approximately 
300  seconds  at  180°  F.,  200  seconds  at  140°  F., 
and  75  seconds  at  122°  F.,  respectively.  All 
materials  were  stored  in  friction  top  cans  and 
the  determinations  were  made  within  one 
[week  after  formulation  of  the  test  material. 

Detailed  testing  procedure 

The  formulated  test  material  was  thoroughly 
stirred  while  at  room  temperature;  care  wag 
taken  to  avoid  incorporation  of  air.  For  the 
Saybolt  furol  tests,  this  thoroughly  stirred 
material  was  poured  into  three  furol  tubes; 
for  the  kinematic  viscosity  tests  with  the 
feitfuchs  viscometer,  the  material  was  poured 
into  six  3-ounce,  rubber-stoppered  bottles. 
Six  specimens  were  taken  for  the  kinematic 
viscosity  determination  so  as  to  permit  a 
comparison  for  each  material  of  the  results 
obtained  with  Zeitfuchs  viscometer  tubes  of 
two  different  viscosity  ranges. 


Figure  2. — Container  for  viscosity  sample 
and  illustration  of  technique  for  filling 
syringe. 


In  the  Saybolt  furol  determinations,  the 
viscometer  bath  and  tubes  had  temperatures 
of  from  0.5°  to  1°  F.  above  the  test  tempera- 
ture when  the  samples  were  introduced  into 
the  tube.  During  the  conditioning  of  the 
samples  to  test  temperature,  the  tubes  were 
kept  covered  and  the  contents  were  stirred 
continuously  with  the  viscosity  thermometers. 
From  20  to  25  minutes  were  required  to  ob- 
tain the  test  temperature.  The  three  de- 
terminations constituting  a  replicated  set  were 
made  simultaneously. 

In  the  determination  of  kinematic  viscosity 
with  the   Zeitfuchs  tubes,   a  procedure  was 
developed  for  the  close  control  of  the  volume 
of  the  sample  used  in  each  replicated  set  of 
determinations.     The  necessity  for  controlling 
the  volume  of  the  sample  had  been  indicated 
earlier,  when  the  tubes  were  calibrated  with 
the  National  Bureau  of  Standards   (N.B.S.) 
standard  viscosity  oils  to  obtain  the  instru- 
mental  constants.     During  this    calibration, 
in  most  cases,  the  filling  line  proved  to  be  use- 
less as  a  guide  for  introduction  of  the  samples. 
With  a  number  of  tubes,  the  sample  would 
spontaneously   flow  through  the  siphon   and 
into  the  capillary.     In  addition,  with  the  more 
viscous  materials,  such  as  the  N.B.S.  standard 
viscosity  oils  M,  N,  and  P,  it  was  practical]} 
impossible,  by  using  the  reference  fill-line  on 
the  instrument,  to  control  the  volume  of  the 
sample  for  a  determination.     To  accomplish 
this  control  and  avoid  having  interfering  drop- 
lets on  the  walls  of  the  filling  tube,  a  graduated 
Luer  syringe  was  used  to  introduce  the  sample 
into  the  tube  for  tests  made  during  this  study. 
The  Luer  syringe  and  its  use  in  the  filling  of 
the  viscometer  are  illustrated  in  figures  1-4. 
Because  of  photographic  difficulties,  only  one 
hand  is  shown  in  these  illustrations  but  two 
hands  are  required  for  some  of  the   actual 
manipulations.     The  syringe,  assembled  and 
disassembled,   is  shown   in   figure   1.     Special 
calibration  markings  were  applied  to  the  plung- 
er.    These  calibration  marks  on  the  syringe's 
plunger  were  used  in  controlling  the  volume  of 
the  asphalt ic  material:  the  standard  markings 
on  the  syringe  are  difficult  to  use1  with  opaque 
materials.     The   type    of   container,    and    its 
relative  size,  used  to  hold  the  asphalt  samples 
during   conditioning  and  storage  is  shown  in 
figure  2.     The  technique  used  to  remove  the 
air  bubbles  and  adjust    the  volume    of    the 
sample  in  the  syringe  is  illustrated  in  figure  3. 
In  this  procedure,  material  slightly  in  excess 
of   that   needed   for   the   determination    was 
drawn  into  the  syringe,  and  the  volume  ad- 
justed   until    the    proper    amount    had    been 
obtained;   the  extruded  excess   was  removed 
from  the  syringe  with  paper  toweling  or  cloth. 
The   viscometer  and   the  syringe  in  place 
and  ready  for  the  filling  operation  are  shown 
in  figure  4.     The  test  sample  was  discharged 
from  the  syringe  at  a  slow  steady  rate  by 
depressing   the    plunger   with   the   forefinger. 
In  this  way,  the  rate  of  discharge  easily  was 
controlled  to  effect  a  quantitative  transfer  of 
the  sample  to  the  viscometer's  reservoir  without 
entrapment  of  air  bubbles,  which  could  have 
affected  the  results.     Use  of  this  technique 
also  helped  prevent  the  sample  from  touching 
or  clinging  to  the  upper  walls  of  the  reservoir 


I 


Figure.  3. — Technique  for  adjustment  of 
volume  and  elimination  of  air  bubbles. 

and  thus  minimized  the  possibility  of  errors 
in  results  occurring  from  this  source. 

Efflux  Time 

Acceptable  precision  in  efflux  time  was 
obtained  with  a  material  sample  of  2.0 
milliliters,  for  tubes  applicable  for  viscosities 
of  a  range  up  to  3X103  centistokes;  and  with 
material  samples  of  3.0  milliliters,  for  tubes 
applicable  for  viscosities  above  3X103  centi- 
stokes. These  volumes,  which  corresponded 
to  the  volume  of  oil  used  in  the  calibration  of 
the  particular  tube,  were  used  for  the  kine- 
matic viscosity  determinations  made  during 
this  study.  The  effect  of  the  sample  volume 
on  efflux  time  obtained  with  the  calibrating 
oils  is  shown  by  the  figures  in  table  1. 

Since  a  sufficient  supply  of  Zeitfuchs  \  is- 
cometer  tubes  of  any  one.  particular  range 
was  not  available,  the  replicated  kinematic 
viscosity  tests  were  made  consecutively  rather 
than  concurrently  as  for  the  Saybolt  furol 
determinations.  The  -i\  3-ounce,  stoppered 
sample  containers  were  immersed  at  staggered 
time  intervals  in  a  constant  temperature  bath 
held  at  140°  F.,  and  allowed  to  condition  for 


Figure  4.  —  Viscometer  being  filled  from 
Luer  syringe. 
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Table  1. — Effect  of  sample  volume  on  efflux  time  with  Zeitfuchs  viscometers 


Oil  i 

Temperature 

Certification 

viscosity 

Viscometer 
scries 

Volume  of 
sample 

Efflux  time 

P _. 

0  F. 
122 

<  i  ntistokes 
283  2 

'.1.917.0 

Number 
0.3 

30.  o 

Milliliters 
1.6 

h.s 

1 2.0 
(2.  0 
13.0 

Seconds 
724.2 
713.0 
707.  9 
338.  1 
284.8 

N'.B.S.  standard  viscositj  oils,  M  and  1\ 


Table  2. — Viscosity  determinations  and  statistical  summary 


SayboH  furol  viscosity,  seconds  at— 

Kinematic  viscosity,  at  140  °  F. — 

122°  F. 

Ilii'  F. 

180°  F. 

Viscometer1 
;ei  ie 

Centistokes 

Viscometer2 

series 

Centistokes 

RAPID  CURING  CUT- 
BACKS: 
RC5grade        --- 

1       S3.  7 

84  5 

1        NM  6 

83,  93 

(i  19 

ii  59 

1     192  5 

201.0 

1     199.0 

197  50 
4.44 

2.25 

327.6 

f    305.2 
\     308. 5 
(    315.4 

309.  70 
5.20 

1.68 

Numbi  i 
30  n 

I    » 

•      30. 0 

1   3.62(1.0 

3,610.4 

1  3,616.4 

3,617.6 

2.  1 

0.  06 

[       110.25 

110.06 

I       111.15 

lln  19 
n  58 

0.  53 

(       408. 75 

412.30 

(       41(1. 36 

41(1.47 
1.78 

0.  43 
(  3.  181.  1 
i  3,170.5 
1  3,230.2 

3,193.9 
31.9 

1.00 

Number 
I      10.0 

i       0.3 

|    ,., 

[       10.0 

1  3.584.5 

3,604.5 

1  3,611.  1 

3,600.(1 
13.  9 

0.  38 

I        1119  91 

110.117 

1       111.  54 

lln  50 
0.90 

II  M 

[       407. 73 

407.  91 

1       409. 00 

408.21 

ii  69 

0.  17 
I  3,  189  7 
{  3,209.7 
I  3.221.9 

3. 207. 1 
16.3 

0.51 

Average 
Standard  deviation 
Coefficient  of  variation 
percent 

Light  (made  Til) 

Average 

Standard  de^  iation 
Coefficient  of  variation 
percent. 

Light  medium  (grade  250) 

Vverage       -  .-  

Standard  deviation 
( loefficient  of  variation 

pel  criil 

Heavy  (grade  3,000)... 

Average  ..„__.    . 

Standard  deviation 
Coefficient  of  variation 
percent 

Pooled  data  coefficient   of 

variation percent 

2.01 

0.69 

MEDIUM  CURING  CUT- 
BACKS: 
MC  5  grade 

I       86  ii 

X7.0 

1       85. 0 

86.00 

I  00 

1   16 

(     212. 4 

213  6 

1     209.6 

211   S7 
2.  05 

0.  97 

•lose, 

[     290. 0 
•      287. 0 
I     291. 6 

289.  53 
2.34 

0.81 

30.0 

!  » 
1  „ 

1       30. 0 

[  4, 448.  6 
{  4,  459.  1 
I  4,  462.  6 

4,456  8 
7.3 

0.16 

1        11(1  97 

1111.61 

1        111.33 

110.97 
0.36 

0.32 

1       444. 29 

444.  94 

I      445. 26 

444.  83 
0.49 

0.11 
|  2.956.4 
{  2,991.5 
I  2,  956.  4 

2.  968.  1 
20.3 

0.  68 

I       10. 0 
i        0.3 

1    » 

[       10. 0 

1  4,449.6 
{  4.449.6 

1    1.  118.7 

4.  439.  3 
17.8 

0.40 
[      110.91 

111.35 
1       110.91 

111.06 

0.25 

0.23 

[      443.  15 

444.  23 

I       443. 67 

443.  69 

0.54 

0.12 

|  2.  947  9 

2.977.9 

I  2, 974.  6 

2.  966.  8 
16.  5 

0.  56 

I  ver  agi        

Standard  deviation 

Coefficient  of  variation 
percent 

Light  (grade  70) 

Average     .--. 

Standard  deviation 
Coefficient  of  variation 
percent. 

Light  medium  I  grade  250 
\  i erage       . 

Standard  deviation 
Coefficient  of  variation 
percent 

iiea\  j  (grade  3.000) 

Average               

adard  deviat  ion 
Coefficient  of  variation 
percent 

Pooled  data  coefficient  of 

variation percent 

0.96 

0.58 

RC  and  MC  pooled  data  co- 
officient  of  variation 

percent 

1.58 

0.63 

>  Efflux  time:  Less  than  200  seconds  in  each  case. 
•  Efflux  time:  200  seconds  or  more  in  each  case. 


20  to  25  minutes.  After  the  conditioning 
period,  the  container  was  removed  from  the 
bath  and  unstoppered;  the  material  was 
carefully  stirred  and  about  0.5  milliliter  mor 
than  the  required  volume  was  removed 
This  sample  was  taken  by  the  Luer  syringe 
which  had  been  preheated  to  about  125°  F 
from  a  level  about  1  centimeter  below  th(j 
sin  face  of  the  liquid.  Any  excess  material  o 
air,  which  might  have  been  incorporated  bj 
the  withdrawal  procedure,  was  then  expelled 
as  previously  described  and  the  sample  in- 
troduced into  the  reservoir  of  the  viscometei 
and  conditioned  for  7  minutes  in  the  constard 
temperature  bath,  as  specified  by  the  ASTM 
met  hod  (4). 

Both  the  reservoir  tube  and  the  outlet  tube 
of  the  viscometer  were  kept  stoppered  during 
the  7-minute  conditioning  period,  to  minimize 
evaporation  and  to  prevent  premature  siphon 
ing.  The  procedure  from  this  point  was  ir 
accordance  with  the  ASTM  test  method  (4) 
Individual  stoppered  containers  were  used  tc 
furnish  material  for  each  replicated  determine 
tion,  because  an  appreciable  increase  in  vis 
cosily  occurred  with  each  opening  of  the  con 
tainer  for  sample  withdrawal.  It  was  noted 
that  prewarming  was  unnecessary  when  sam-  )r, 
pling  the  light  grade  material. 

Table  2  contains  the  results  for  the  repli 
cated  viscosity  determinations,  which  were 
obtained  with  both  the  Saybolt  furol  and  Zeit 
fuchs  viscometers,  for  the  various  laboratory 
prepared  grades  of  asphalt  cutbacks  and  the 
current  grade  5  cutbacks  (MC  and  RC). 


m 
let' 
\ 

: 
Illl 


S ttt t is t i ca I  Treatment 

The  average  and  standard  deviation  were 
computed  for  each  set  of  replicated  determine 
tions.  For  standard  deviation,  the  computa- 
tion was  made  in  accordance  with  the  recom- 
mendations for  small  sets  of  measurements 
found  in  most  texts  on  statistical  methods,  as 
shown  by  the  following  formula: 


S.D. 


■V 


2(X-X)2 


111 
Ie 

11 


where, 


X 


250 


an   individual    observation    (a    de- 
termination in  the  set). 

X  =  the  average  for  a  set  of  three  rep 
licated  determinations. 

n  =  number  of  observations  (3  for  each 
set  reported  in  this  article). 

In  order  to  compare  the  precision  of  the 
results  obtained  with  the  Zeitfuchs  instrument 
with  those  obtained  with  the  Saybolt  furol  in- 
strument, the  coefficient  of  variation  was  also 
computed  for  each  set.  This  is  the  ratio  of 
standard  deviation  to  the  average  expressed 
as  a  percentage : 

S.  D. 

Coefficient  of  variation      -  — ■-  ■   100 
X 

Standard  deviation  and  the  corresponding 
coefficient  of  variation  were  computed  (table 
2)  for  each  type  material  and  for  each  instru- 
ment. This  was  done  in  accordance  with  the 
following  equations: 
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Pooled  S.  D.= 


V 


S(Xs-Xa)2+----2(Xk-Xk)2 
(n.-l)  + (nk-l) 


'Coefficient  of  variation  = 

S.   D.   (pooled  results) 


X100 


X 


where, 


a_  _k  =  the  replicated  sets 

(na-l)  +  ____(nk-l)  = 

sum  of  all    the   observations  less 

_     one  (for  each  set). 

X  =  Overall  average  for  the  group  of 
replicated  sets  considered  (av- 
erage of  the  averages  for  the 
group). 

Summary 

A  comparison  of  the  coefficients  of  variation 
of  the  pooled  results  for  all  the  cutbacks, 
given  in  table  2,  shows  that  the  Zeitfuchs 
viscometer  provided  better  precision  than  the 
Bayboll  furol  instrument.  II  is  of  interest 
1o  note  that  with  the  Zeitfuchs  tubes  no 
!  significant  difference  in  precision  was  obtained 
between  the  types  of  cutbacks  (RC  or  MC). 
"With  the  Saybolf  furol  viscometer,  appreci- 
ably better  precision  was  obtained  with  the 
medium  curing  cutbacks  than  with  the  rapid 
curing  type  (0.96  percent  vs.  2.(11  percent). 
This  difference  is  attributed  to  the  lower 
volatility  of  the  diluent  in  the  medium  curing 
materials,  which  resulted  in  smaller  losses 
of  these  volatiles  during  sample  preparation. 

However,  the  precision  of  results  obtained 
with  both  instruments  for  each  type  of  the 
tested  cutbacks  was  estimated  to  be  less 
than  that  stated  in  the  ASTM  methods 
(4,  5).  This  deficiency  in  precision  is  at- 
tributed to  the  volatile  diluents  in  the  cutback 
materials.  This  is  confirmed  by  a  considera- 
tion of  the  calibration  data  obtained  with 
the  three  X.B.S.  standard  viscosity  oils 
[table  3).  With  these  oils,  which  contained 
no  volatile  diluents,  the  average  deviation 
from  the  mean  values  of  the  efflux  times  was 
generally  within  the  0.1  percent  level  (4,  6). 
Furthermore,  the  coefficients  of  variation 
computed  for  the  replicated  sets,  as  well  as 
for  the  pooled  data,  were  significantly  lower 
for  these  oils  than  for  the  cutbacks.  For  the 
pooled  data  these  coefficients  were  0.13  per- 


cent, for  the  oils  (table  3)  and  0.63  percent  for 
the  cutbacks  (table  2). 

Comparison  of  convenience 

The  Zeitfuchs  tubes  were  somewhat  easier 
to  use  and  were  more  conveniently  cleaned 
than  the  Sayboit  furol  tubes.  The  time 
required  to  complete  a  test  was  about  the 
same  for  each  instrument,  20  to  30  minutes. 
The  conditioning  time  required  for  tests  made 
with  the  Zeitfuchs  viscometer  was  only  5 
to  7  minutes,  as  compared  to  the  20-  to  30- 
minute  conditioning  time  required  for  the 
Sayboit  furol  tests.  However,  additional 
time  was  required  for  the  preparation  of 
material  for  the  Zeitfuchs  viscometer  tests 
to  obtain  samples  sufficiently  fluid.  For 
routine  work  with  larger  volumes  of  material, 
this  additional  preparation  time  could  be 
considerably  reduced  by  warming  the  sample 
on  a  hot  plate.  For  kinematic  viscosity 
determinations  for  the  light  grades  of  material 
(present  grades  0-2)  this  prewarming  step 
could  probably  be  eliminated. 
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Table  3. — Zeitfuchs  precision  data  from  N.B.S.  standard  viscosity  oils 


Oil 


Type 


M 


Tem- 

Cert  1 

Viscom- 

Volume 

Efflux 

A\  ei  age 

i  iivi.ii  ion 

perature 

viscosity 

eter 

of 

time 

efflux 

from 

series 

ml 

time 

average 

(  7  ///;- 

Milli- 

°  /■'. 

stokes 

Number 

lih  rs 

S<  COIlds 

70s  05 

.s,  condi 

Percent 
0.01 

77.0 

283  2 

0.3 

2.  0 

708  8 

707  55 

156  8 

71  is  13 

ii  no 
0.08 

0.08 

77.0 

2S3   2 

1.0 

2.0 

loll.  Ii 
156  65 

.,   319.8 

156.68 

0.05 
0.02 

0.03 

77.0 

1,033.0 

3.0 

2.0 

319.4 

3211  1 
319.4 

135.75 

319.  73 

0.  09 
0.  13 
0.09 

0.18 

08.0 

1,515.0 

111.  0 

3.0 

135.  15 
130.  1 

137  2 

136.00 

0.  11 
0.07 

0   14 

08.0 

1,515.0 

111  0 

3.0 

136.5 
136  2 

283. « 

130.  6 

0.  07 
0.29 

0.11 

122.0 

9,947  ii 

30.  0 

3.0 

2S3.  1 
283.  1 
283.  4 

2S3  3 

0.  07 
0.07 
0.04 

Sei  ond 

II   003 


n  132 


CoefE 
cient  i  of 

yi ion 


l;  ret  hi 
0.08 


II   2i:, 


1  Pooled  data  showed:  Average  efflux  time  of  290.07  seconds,  standard  deviation  of  0.375  seconds,  and  coefficient  of  varia- 
tion of  0.13  percent. 
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Federal  Laws,  Regulations,  and  Other  Material  Relating  to 
Highways  (1960).     $1.00. 

Financing  of  Highways  by  Counties  and  Local  Rural  Govern- 
ments:  1942-51.     75  cents. 

Highway  Bond  Calculations  (1936).      10  cents. 

Highway  Capacity  Manual  (1950).     $1.00. 

Highway  Statistics  (published  annually  since  1945): 

1955,   $1.00.      1956,   $1.00.     1957,   $1.25.     1958,   $1.00.      1959, 
$1.00. 

Highway  Statistics,  Summary  to  1955.     $1.00. 

Highway  Transportation  Criteria  in  Zoning  Law  and  Police  Power 
and  Planning  Controls  for  Arterial  Streets  (1960).     35  cents. 

Highways  of  History  (1939).     25  cents. 

Hydraulics  of  Bridge  Waterways  (1960).     40  cents. 

Landslide  Investigations  (1961).     30  cents. 

Manual  on  Uniform  Traffic  Control  Devices  for  Streets  and  High- 
ways (1961).     $2.00. 

Parking  Guide  for  Cities  (1956).     55  cents. 

Peak  Rates  of  Runoff  From  Small  Watersheds  (1961).     30  cents. 

Road-User  and  Property  Taxes  on  Selected  Motor  Vehicles,  1960. 
30  cents. 

Results  of  Physical  Tests  of  Road-Building  Aggregate  (1953). 
$1.00. 

Selected  Bibliography  on  Highway  Finance  (1951).     60  cents. 

Specifications  for  Aerial  Surveys  and  Mapping  by  Photogram- 
metric  Methods  for  Highways,  1958:  a  reference  guide  outline. 
75  cents. 

Standard  Specifications  for  Construction  of  Roads  and  Bridges 
on  Federal  Highway  Projects,  FP-61  (1961).     $2.25. 

Standard    Plans    for    Highway    Bridge    Superstructures    (1956). 

$1.75. 
The  Identification   of  Rock  Types    (revised  edition,    1960).     20 

cents. 
The  Role  of  Aerial  Surveys  in  Highway  Engineering  (1960).     40 

cents. 
Transition  Curves  for  Highways  (1940).     $1.75. 
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